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Os óleos vegetais são constituídos principalmente por triacilgliceróis, porém, 
alguns deles, como os óleos de algodão e de farelo de arroz, podem conter quantidades 
significativas de monoacilgliceróis (MAG) e diacilgliceróis (DAG). O conhecimento do 
equilíbrio líquido-líquido de sistemas graxos considerando-se os acilgliceróis parciais dos 
óleos, portanto, é uma importante etapa na otimização da produção de óleos comestíveis por 
extração líquido-líquido ou da produção de biodiesel por meio da reação de transesterificação. 
Com isso, dados experimentais inéditos do equilíbrio líquido-líquido (ELL) de sistemas 
graxos contendo acilgliceróis parciais foram determinados neste trabalho. Primeiramente, 
foram avaliados os comportamentos dos acilgliceróis parciais e ácidos graxos livres dos 
sistemas em ELL que representam os processos de desacidificação de óleos vegetais brutos 
com etanol anidro. Dando prosseguimento a este estudo, a partir de sistemas que 
correspondem à etapa inicial da reação de transesterificação de óleos vegetais e etanol anidro 
para a produção de biodiesel, verificou-se a distribuição dos ésteres etílicos, ácidos graxos e 
acilgliceróis parciais nas fases em ELL formadas. Os desvios médios do balanço de massa 
global menores que 0,49 % indicam a boa qualidade dos dados experimentais medidos nos 
sistemas estudados. Os DAG e ésteres etílicos têm preferência pela fase oleosa, ao contrário 
dos MAG e dos ácidos graxos, os quais têm preferência pela fase solvente. Os acilgliceróis 
parciais apresentam comportamento oposto nas fases em ELL, pois os MAG contém um 
número maior de grupos polares. O modelo NRTL conseguiu descrever precisamente a 
composição das fases dos sistemas envolvendo compostos graxos e etanol, com desvios 
médios menores que 0,97 %. A capacidade preditiva do modelo UNIFAC utilizando-se 3 
diferentes conjuntos de parâmetros de interação (UNIFAC-LLE, UNIFAC-HIR e UNIFAC-
BES) foi testada, sendo que o último conjunto de parâmetros, UNIFAC-BES, apresentou os 
menores desvios, que variaram entre 1,04 % e 2,22 %, e a melhor representação da 
distribuição dos componentes entre as fases em ELL. 
 
Palavras chave: óleos vegetais, biodiesel, acilgliceróis parciais, equilíbrio 
líquido-líquido, modelagem termodinâmica 
 ABSTRACT  
Vegetable oils are composed mainly of triacylglycerols, but some of them, such as 
cottonseed and rice bran oils may contain significant amounts of mono- (MAG) and 
diacylglycerols (DAG). The knowledge of liquid-liquid equilibrium (LLE) of fatty systems 
considering partial acylglycerols from oils, therefore, is an important step in the optimization 
of edible oil production by liquid-liquid extraction or of biodiesel production through 
transesterification reaction. Thereby, new experimental data of LLE of fatty systems 
containing partial acylglycerols were determined in this study. Firstly, the partial acylglycerol 
and free fatty acid behaviors of systems in LLE, which represent the deacidification processes 
of vegetable oils with anhydrous ethanol, were evaluated. Continuing this study, ethyl ester, 
fatty acid, DAG and MAG distribution was verified in the formed LLE phases from systems 
which correspond to the initial stage of transesterification reaction of vegetable oils and 
anhydrous ethanol for biodiesel production. The average deviation values of global mass 
balance lower than 0.49 % indicate the good quality of the experimental data measured in the 
studied systems. DAG and ethyl esters have affinity to the oil phase, unlike MAG and fatty 
acids, which have affinity to the solvent phase. The partial acylglycerols have opposite 
behavior in LLE phases, due to the greater number of polar groups in MAG. The NRTL 
model could precisely describe the phase compositions of systems involving fatty compounds 
and ethanol, with average deviations below 0.97 %. The predictive ability of the UNIFAC 
model using 3 different sets of interaction parameters (UNIFAC-LLE, UNIFAC-HIR e 
UNIFAC-BES) was tested and the last set of parameters, UNIFAC-BES, showed the minor 
deviations, which ranged between 1.04 % and 2.22 %, and a better representation of the 
component distributions between LLE phases. 
 
Keywords: vegetable oils, biodiesel, partial acylglycerols, liquid-liquid 
equilibrium, thermodynamic modeling 
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CAPÍTULO 1  
 
1. INTRODUÇÃO 
O setor de sementes oleaginosas tem sido um dos mais dinâmicos da agricultura 
mundial nas últimas décadas. As mais importantes oleaginosas produzidas mundialmente são 
algodão, amendoim, colza, copra (polpa seca do coco), girassol, palmiste (amêndoa da palma) 
e soja, e os maiores produtores mundiais são EUA, Brasil, Argentina, China e Índia. O Brasil 
tem destaque no mercado das mais importantes oleaginosas com a segunda maior produção, 
cerca de 19,5 % da produção mundial e como maior exportador, representando cerca de    
37,8 % do volume da exportação mundial. Está situado também entre os 10 maiores 
produtores mundiais de óleos vegetais (USDA, 2016).  
Os óleos vegetais brutos são compostos majoritariamente por triacilgliceróis 
(TAG) e em menores quantidades por ácidos graxos livres, monoacilgliceróis (MAG) e 
diacilgliceróis (DAG), além de cerca de 2 % de outros materiais como os fosfolipídios, 
tocoferóis, pigmentos, proteínas, traços de metais, dentre outros compostos minoritários 
(O´BRIEN, 2004).  
Em óleos brutos, a quantidade de diacilgliceróis pode ultrapassar os 10 % e nos 
óleos refinados geralmente estão abaixo de 5 %, porém, alguns óleos contêm mais de 5 % de 
diacilgliceróis em sua composição, como visto na Tabela 1 (YASUKAWA; KATSURAGI, 
2004). 
A remoção dos compostos indesejáveis dos óleos vegetais brutos é feita no refino 
e a desacidificação é a etapa mais importante deste processamento, já que pode ocorrer perda 
de óleo neutro, diminuindo o rendimento de óleo refinado. A extração líquido-líquido (refino 
com solvente) é uma via alternativa aos processos tradicionais de refino de óleos vegetais 
brutos (RODRIGUES et al., 2005). Diversos dados de equilíbrio líquido-líquido para sistemas 
de desacidificação estão disponíveis na literatura e envolvem os seguintes componentes: óleos 
vegetais, ácidos graxos livres e solvente, principalmente etanol ou etanol hidratado. Em 
contrapartida, informações sobre o comportamento de acilgliceróis parciais nas fases 
formadas, já que eles constituem até 10 % dos óleos vegetais brutos (YASUKAWA; 
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Tabela 1. Conteúdo de acilgliceróis e outros componentes de diferentes óleos comestíveis 
 % Total de Óleo 
Óleo TAG DAG MAG outros 
Algodão 87,0-95,0 3,1-9,5 0,2 3,3 
Arroz 92,4 7,6 < 0,1 ND 
Palma 93,1 5,8 < 0,1 1,1 
Oliva 93,3 5,5 0,2 2,3 
Milho 95,8 2,8 < 0,1 1,4 
Soja 97,9 1,0 < 0,1 1,1 
Colza 96,8 0,8 0,1 2,3 
ND = não determinado 
Fonte: adaptado de Yasukawa e Katsuragi (2004). 
 
Levando-se em consideração as quantidades expressivas de acilgliceróis parciais 
em óleos brutos, obter produtos com DAG, como o óleo rico em diacilgliceróis ou com MAG, 
como os emulsificantes alimentícios, a partir da extração líquido-líquido pode ser interessante, 
já que envolve condições amenas de processo, com temperaturas baixas e pressão 
atmosférica, diferentemente do processo de destilação, que é usualmente empregado para 
obtenção dos acilgliceróis parciais (FELTES et al., 2013). 
A formação de duas fases líquidas entre óleos vegetais e etanol também se 
estabelece no início da catálise alcalina para a produção de biodiesel (KNOTHE, 2005; 
SANTORI et al., 2012). As principais matérias-primas utilizadas para produção de biodiesel 
no Brasil são óleo de soja e sebo bovino, correspondendo em média a 70,25 % e 24,35 %, 
respectivamente, da produção total de biodiesel do país (ANP, 2016). Durante a reação de 
transesterificação, os TAGs provenientes das fontes oleosas são convertidos em ésteres 
etílicos em três estágios consecutivos, com a formação de MAGs e DAGs como compostos 
intermediários. O sistema reacional é essencialmente bifásico no início (óleo/etanol) e no fim 
(éster/glicerol) da produção de biodiesel. A presença e formação de acilgliceróis parciais 
durante toda a reação de transesterificação podem influenciar no rendimento do produto final, 
já que os monoacilgliceróis e diacilgliceróis são agentes emulsificantes.  
Dessa forma, observou-se a importância do estudo e da determinação do 
equilíbrio líquido-líquido de sistemas envolvendo acilgliceróis parciais, em sistemas com 
óleos vegetais (algodão, farelo de arroz e soja), ácidos graxos (linoleico e oleico), ésteres 
etílicos (linoleato e oleato) e etanol anidro. 
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1.1 Óleos vegetais  
No Brasil, o óleo de algodão é o mais antigo óleo produzido industrialmente e 
antes do aumento da produção de soja, era também o mais consumido (EMBRAPA 
ALGODÃO, 2003; FERNANDES et al., 2012). O óleo de algodão refinado pode apresentar 
de 87 % a 95 % de triacilgliceróis, de 3,1 % a 9,5 % de diacilgliceróis, cerca de 0,2 % de 
monoacilgliceróis e 3,3 % de outros componentes (YASUKAWA; KATSURAGI, 2004). 
O farelo do grão de arroz pode conter entre 18 % e 24 % de óleo, que quando 
bruto, contém entre 83 % e 86 % de triacilgliceróis e de 3 % a 4 % de diacilgliceróis, 
monoacilgliceróis, ácidos graxos livres e ceras. Dentre os demais componentes deste óleo, 
destacam-se os fitosteróis, como o esqualeno, e os orizanóis, como o γ-orizanol 
(GUNSTONE; HARWOOD, 2007; KOCHHAR, 2002). O óleo de farelo de arroz refinado 
pode conter 92,7 % de triacilgliceróis, 7,6 % de diacilgliceróis e menos de 0,1 % de 
monoacilgliceróis (YASUKAWA; KATSURAGI, 2004). 
O óleo bruto de soja é composto principalmente por 95 % a 97 % de 
triacilgliceróis, fosfolipídios (1,5 % a 2,5 %), tocoferóis e fitosteróis (1,6 %) e traços de 
metais (GUNSTONE; HARWOOD, 2007; LIU, 2004), podendo conter porcentagem mássica 
de ácidos graxos livres variando entre 0,3 % e 2,0 % (RODRIGUES; PEIXOTO; 
MEIRELLES, 2007). O óleo de soja refinado pode conter 97,9 % de triacilgliceróis, 1,0 % de 
diacilgliceróis e 1,1 % de outros componentes (YASUKAWA; KATSURAGI, 2004). 
 
1.2 Desacidificação de óleos vegetais via extração líquido-líquido 
A desacidificação de óleos vegetais por extração líquido-líquido é uma das 
alternativas às vias química e física de refino, pois é realizada sob temperaturas brandas e 
pressão atmosférica, não há a formação de produtos residuais (CUEVAS et al., 2010; 
MOHSEN-NIA; KHODAYARI, 2008; PRIAMO et al., 2009; SANAIOTTI et al., 2010), a 
perda de óleo neutro é minimizada, além de reter compostos bioativos (BATISTA et al., 
2009). 
O princípio deste processo consiste na separação dos ácidos graxos livres do óleo 
bruto por contato direto com um solvente imiscível ou parcialmente miscível. Os solventes 
mais estudados são o etanol, devido à sua disponibilidade, principalmente no Brasil, e o 
metanol, utilizado industrialmente por ter menor custo. O contato do solvente com o óleo 
bruto gera duas correntes, o extrato que é rico em solvente e em ácidos graxos livres, e o 
rafinado que deve ser em sua maior parte composto por óleo desacidificado (BATISTA et al., 
2009; TEDDER, 2009; TREYBAL, 1981). 
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Como citado anteriormente, inúmeros trabalhos disponíveis na literatura fornecem 
dados do equilíbrio líquido-líquido estabelecido durante o processo de desacidificação de 
óleos vegetais com solvente, principalmente etanol e etanol hidratado. Por outro lado, 
informações sobre o comportamento de acilgliceróis parciais nas fases formadas, ainda são 
escassos. 
 
1.3 Extração líquido-líquido para obtenção de acilgliceróis parciais 
A extração líquido-líquido tem sido considerada em muitos trabalhos como um 
processo alternativo e promissor para a indústria de óleos vegetais, pois é capaz de substituir 
etapas tradicionais que utilizam altas temperaturas e catalisadores alcalinos inorgânicos, como 
o hidróxido de sódio, potencialmente perigosos à saúde. 
Neste sentido, a obtenção de produtos ricos em DAG e MAG, a partir de óleos 
vegetais brutos e utilizando-se etanol como solvente, pode ser mais uma alternativa para a 
indústria de óleos vegetais. Isto porque, a extração líquido-líquido envolve condições amenas 
de temperatura e pressão, diferentemente do processo de destilação, o qual é usualmente 
empregado para obtenção dos monoacilgliceróis (FELTES et al., 2013). Além disso, o etanol 
proveniente de ambas as fases líquidas em equilíbrio pode ser facilmente separado e 
reutilizado no processo de extração. 
Dentre esses produtos destacam-se o óleo rico em diacilgliceróis e os 
emulsificantes alimentícios. O primeiro produto contém mais de 80 % de DAG e menos de  
20 % de TAG e 3 % de MAG. O óleo de DAG tem sabor e textura similares aos dos 
triacilgliceróis e, além disso, são considerados por muitos autores como ingredientes 
funcionais, já que sua utilização como fonte energética é preterida ao acúmulo nos tecidos do 
corpo (FELTES et al., 2013; FLICKINGER; MATSUO, 2003). Os emulsificantes 
alimentícios, por sua vez, podem ser uma mistura de DAG e MAG ou majoritariamente 
compostos por MAG e são aditivos amplamente utilizados em produtos de panificação, de 
laticínios e de confeitaria (FELTES et al., 2013; ZHONG; CHEONG; XU, 2014). 
 
1.4 Produção de biodiesel via transesterificação alcalina 
A produção de biodiesel é feita principalmente via transesterificação de óleo 
vegetal ou gordura animal com álcool na presença de catalisador (KNOTHE, 2005; 
SANTORI et al., 2012). O álcool mais utilizado na reação de transesterificação mundialmente 
é o metanol, porque é mais barato e possui vantagens químicas, mas ele é proveniente de 
fontes não renováveis como gás natural e carvão. A alternativa mais promissora é o uso de 
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etanol proveniente da cana de açúcar, a qual é considerada uma fonte renovável de 
combustíveis (FOLLEGATTI-ROMERO et al., 2010; GERPEN; KNOTHE, 2005; 
MACHADO et al., 2012). 
A reação de transesterificação usando etanol produz ésteres etílicos de ácidos 
graxos e glicerol. A presença e formação de acilgliceróis parciais na etapa inicial da 
transesterificação, que é essencialmente bifásica e formada por triacilgliceróis e etanol, podem 
influenciar no rendimento do produto final, o qual deve ser formado majoritariamente por 
ésteres etílicos de ácidos graxos. No final da reação, antes da etapa de purificação, podem 
restar ainda, além dos mono e diacilgliceróis, glicerol, ácidos graxos livres, álcool residual e 
catalisador (GERPEN; KNOTHE, 2005; SANTORI et al., 2012; TYAGI et al., 2010). 
 
1.5 Equilíbrio líquido-líquido  
O estudo do equilíbrio líquido-líquido (ELL) é importante, pois é o princípio de 
processos de separação e purificação por extração líquido-líquido (SANDLER; ORBEY, 
2005) nas indústrias química e de alimentos, por exemplo. O equilíbrio líquido-líquido ocorre 
somente dentro de uma faixa de temperatura e para cada condição isotérmica existe uma faixa 
de composição onde é possível a separação de fases. 
Em uma mistura ternária líquida, onde somente dois componentes são 
parcialmente miscíveis, as coordenadas triangulares são usadas em diagramas à temperatura 
constante (TREYBAL, 1981). A Figura 1 mostra um diagrama de equilíbrio líquido-líquido 
de um sistema ternário em coordenadas triangulares.  
 
 
Figura 1. Diagrama de equilíbrio líquido-líquido ternário 
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A curva LRPEK é a curva binodal ou de solubilidade, indicando a mudança da 
solubilidade da fase rica em A (diluente) e da fase rica em B (solvente) após adição de C 
(soluto). Todas as misturas com proporções fora da área delimitada pela curva são 
homogêneas ou monofásicas; já as localizadas dentro da área delimitada pela curva são 
heterogêneas, ou seja, formam duas fases líquidas parcialmente solúveis em equilíbrio. O 
ponto M é a proporção dos três componentes misturados, por isso é chamado de ponto de 
mistura. Dessa mistura resultam duas fases líquidas insolúveis em equilíbrio indicadas por R e 
E. O ponto R corresponde à corrente do refinado, rica em A, e o ponto E, à corrente do 
extrato, rica em B. Os pontos R e E são unidos pela linha de amarração, ou tie line, e o ponto 
M deve necessariamente estar sobre a linha RE. O ponto P corresponde ao ponto crítico, ou 
plait point, e nesse ponto os dois segmentos da curva binodal se encontram geralmente em um 
ponto diferente do máximo de componente C. As linhas de amarração diminuem de 
comprimento com o aumento da concentração do composto C até o ponto onde se extinguem, 
ou seja, até o ponto crítico sobre o qual são formadas duas fases de composição e densidade 
iguais (TREYBAL, 1981). 
O efeito da pressão pode ser desprezado nos casos de equilíbrio líquido-líquido, 
pois ela normalmente é constante e exerce pouca influência sobre o equilíbrio devido aos 
líquidos serem incompressíveis. A temperatura, por sua vez, exerce grande influência no 
equilíbrio e a solubilidade mútua entre os componentes parcialmente imiscíveis aumenta com 
o aumento da temperatura, de tal forma que a região heterogênea delimitada pela curva 
binodal diminui e a inclinação das tie lines também pode mudar (TREYBAL, 1981). Quanto 
maior for o ângulo de inclinação das tie lines, mais fácil será a extração do componente C 
para a fase solvente. O oposto também é verdadeiro. 
A razão entre as composições da fase rica no componente B (solvente), fase II, 
pela fase rica no componente A (diluente), fase I, define o coeficiente de distribuição para o 
componente i (ki): 
 




  (1.1) 
 
 
O sobrescrito da Equação 1 corresponde às fases em equilíbrio líquido-líquido. O 
componente i, que corresponde ao componente C da Figura 1, apresenta coeficiente de 
distribuição maior que 1. Isso significa que o componente C tem preferência pela fase 
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solvente, que possui justamente o papel de extrair o composto C de interesse da fase diluente 
A. 
 
1.6 Modelagem termodinâmica 
A modelagem termodinâmica do equilíbrio de fases é utilizada para descrever o 
comportamento dos sistemas em equilíbrio, através do conhecimento das suas propriedades 
termodinâmicas (KYLE, 2005; SANDLER; ORBEY, 2005). Com o tratamento 
termodinâmico do equilíbrio de fases é possível correlacionar e descrever dados 
experimentais de misturas binárias, ternárias ou multicomponentes, viabilizando com isso, 
projetos mais adequados e flexíveis de equipamentos empregados em processos e na definição 
das suas variáveis operacionais. 
Alguns modelos termodinâmicos têm sido propostos na literatura para expressar a 
não-idealidade de misturas líquidas através da energia de Gibbs em excesso. O modelo de 
Wilson é um deles e por meio do cálculo do coeficiente de atividade, correlaciona-se a 
energia de Gibbs em excesso e a composição local de uma solução. Este conceito considera 
um comportamento molecular aleatório dos componentes na mistura e define que a 
composição do sistema nas vizinhanças de uma dada molécula é devida às forças 
intermoleculares entre as moléculas. Apesar de ser facilmente estendido para misturas 
multicomponentes, o modelo de Wilson não é capaz de descrever misturas com miscibilidade 
parcial (RENON; PRAUSNITZ, 1968), e, portanto, não podem ser aplicadas em cálculos do 
equilíbrio líquido-líquido entre óleo vegetal e etanol, por exemplo. 
A fim de resolver essa restrição, Renon e Prausnitz (1968) desenvolveram o 
modelo NRTL (non-random, two liquid equation), o qual considera a não-aleatoriedade da 
mistura e as diferentes forças moleculares existentes entre os seus componentes. A equação 
NRTL para o cálculo do coeficiente de atividade de misturas multicomponentes utilizando 
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jiij    (1.5) 
 
ijA (K) e ij  são os parâmetros binários ajustáveis entre o par de componentes i  e 
j , K  o número total de componentes da mistura, T (K) a temperatura do equilíbrio líquido-
líquido e M  a massa molar média do pseudocomponente. 
O parâmetro ij  está relacionado a não aleatoriedade da mistura e os parâmetros 
ijA  e jiA , por sua vez, estão relacionados à interação molecular de cada binário. 
O modelo preditivo UNIFAC também pode ser utilizado para o cálculo do 
equilíbrio de fases e é fundamentado na teoria de contribuição de grupos, que diz que as 
propriedades físicas de uma mistura são determinadas pelos grupos funcionais dos seus 
compostos. Este modelo é baseado no modelo UNIQUAC e o cálculo do coeficiente de 
atividade envolve a soma de um termo combinatorial, o qual depende do volume e da área 
superficial de cada molécula, e de um termo residual, o qual é resultado das energias de 
interação entre as moléculas (FREDENSLUND, 1989; FREDENSLUND; JONES; 
PRAUSNITZ, 1975; MAGNUSSEN; RASMUSSEN; FREDENSLUND, 1981). 
Assim, a equação que determina o coeficiente de atividade de um determinado 
















































 ;  
10z





















iln é o termo da contribuição combinatorial, 
R
iln  o termo da contribuição 
residual do coeficiente de atividade do componente i, θi a fração de área da molécula i, Φi a 
fração de volume, 
)(i
kv  o número de grupos k na molécula i, Γk o coeficiente de atividade 
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residual do grupo k e 
)(i
k  o coeficiente de atividade residual do grupo k em uma solução de 
referência contendo apenas moléculas do tipo i. 
 ri e qi são os parâmetros de volume molecular e de área superficial, 
respectivamente, e são calculados como a soma dos parâmetros de volume dos grupos k, Rk, e 
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(1.12)
 
Xm é a fração molar do grupo m na mistura, Ψmn o parâmetro de interação dos 
grupos m e n e amn o parâmetro que mede a energia de interação entre os grupos m e n. A 
mesma equação 1.11 pode ser utilizada para o cálculo de Γk
(i)
. Magnussen, Rasmussen e 
Fredenslund (1981) propuseram parâmetros UNIFAC especialmente adequados para a 
predição de dados de equilíbrio líquido-líquido. 
 
1.7 Modelagem termodinâmica de sistemas graxos 
A descrição do equilíbrio líquido-líquido (ELL) de sistemas contendo compostos 
graxos por meio da modelagem termodinâmica tem sido amplamente estudada. Chiyoda et al. 
(2010) e Rodrigues et al. (2005) ao ajustarem os parâmetros do modelo NRTL aos dados de 
ELL de sistemas envolvendo óleos vegetais (soja e algodão, respectivamente), ácidos graxos 
livres (linoleico), etanol e água, concluíram que este modelo termodinâmico é adequado para 
a descrição do ELL destes sistemas já que os desvios médios entre os valores calculados com 
os parâmetros deste modelo e experimentais foram 0,80 % e 0,89 %, respectivamente. 
Dagostin et al. (2015) estudaram sistemas relacionados à produção de biodiesel 
compostos por óleo vegetal, ésteres etílicos, etanol e água e verificaram que os valores 
preditos pelos parâmetros do modelo NRTL ajustados foram muito próximos aos valores 
experimentais, indicando uma boa correlação para este modelo termodinâmico. Ferreira et al. 
(2015) também determinaram dados experimentais de sistemas que correspondem à etapa 
inicial da produção de biodiesel, considerando-se os acilgliceróis parciais nas fases em ELL 
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formadas. Os desvios médios entre os valores calculados com os parâmetros do modelo 
NRTL e experimentais variaram entre 0,19 % e 0,49 %.  
Sistemas correspondentes às etapas finais (BASSO; MEIRELLES; BATISTA, 
2012) e de lavagem de biodiesel (BASSO et al., 2014) também foram modelados 
termodinamicamente utilizando-se o modelo NRTL e os desvios médios globais entre os 
dados experimentais e calculados por este modelo variaram entre 0,54 % e 0,99 % no 
primeiro trabalho e entre 0,51 % e 0,97 %, no segundo.  
A predição do equilíbrio líquido-líquido de sistemas que representam os processos 
de desacidificação de óleos vegetais e de produção de biodiesel por meio do modelo UNIFAC 
foi melhorada quando os autores reajustaram parâmetros aos dados experimentais específicos 
destes sistemas (BATISTA et al., 1999; BESSA et al., 2016; HIRATA et al., 2013).  
O desvio médio global entre os dados experimentais de sistemas contendo 
trioleína, ácidos graxos livres e etanol, em temperaturas que variaram entre 20 °C e 45 °C, e 
os calculados utilizando-se os parâmetros originais do modelo UNIFAC foi igual a 10,16 %, 
enquanto que ao utilizar parâmetros reajustados do modelo UNIFAC a estes sistemas, o 
desvio médio global entre os dados experimentais e calculados foi igual a 1,31 % (BATISTA 
et al., 1999). Ao reajustar os parâmetros do modelo UNIFAC a sistemas de desacidificação de 
óleos contendo água, Hirata et al. (2013) verificaram que para o sistema composto por óleo de 
palma, ácido palmítico, etanol e água a 318,2 K, o desvio médio global entre os dados 
experimentais e calculados pelo modelo UNIFAC passou de 4,85 %, utilizando-se os 
parâmetros originais, para 1,43 %, com os parâmetros reajustados. Bessa et al. (2016) 
obtiveram uma nova matriz com parâmetros reajustados para o modelo UNIFAC capaz de 
representar desde os sistemas de desacidificação de óleos vegetais até os de produção de 
biodiesel, ambos considerando também acilgliceróis parciais. 
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2. OBJETIVOS 
O presente trabalho teve como objetivo principal investigar, por meio de ensaios 
experimentais específicos e modelagem termodinâmica dos dados, o equilíbrio líquido-líquido 
de sistemas graxos contendo acilgliceróis parciais. 
 
2.1 Objetivos específicos 
 Determinar dados de equilíbrio líquido-líquido de componentes presentes nos 
processos de desacidificação de óleos vegetais brutos e de obtenção de 
acilgliceróis parciais por extração líquido-líquido, estudando sistemas compostos 
por óleo vegetal + monoacilgliceróis + diacilgliceróis + (ácidos graxos livres) + 
etanol anidro, a 30 °C (303,15 K) e 45 °C (318,15 K); 
 Determinar dados de equilíbrio líquido-líquido de componentes presentes no 
processo de produção do biodiesel etílico, com ênfase nos componentes 
intermediários, estudando sistemas compostos por óleo vegetal + 
monoacilgliceróis + diacilgliceróis + éster etílico + (ácidos graxos livres) + etanol 
anidro, a 30 °C (303,15 K) e 45 °C (318,15 K); 
 Adaptar a técnica cromatográfica HPSEC (cromatografia líquida de alta eficiência 
por exclusão de tamanho) para os sistemas de interesse. Esta técnica foi utilizada 
para a quantificação de monoacilgliceróis, diacilgliceróis e triacilgliceróis, ácidos 
graxos livres, ésteres etílicos e etanol nas fases em equilíbrio líquido-líquido; 
 Estudar a modelagem termodinâmica de todos os dados experimentais através do 
ajuste de parâmetros do modelo molecular NRTL (non-random, two-liquid) e 
avaliar a capacidade preditiva do modelo de contribuição de grupos UNIFAC 
(UNIquac Functional-group Activity Coefficients). 
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3. ESTRUTURA DO TRABALHO 
O trabalho está dividido em capítulos, os quais representam todas as etapas do 
desenvolvimento desta pesquisa. 
Os Capítulos 2 a 5 correspondem aos artigos publicados ou que ainda serão 
submetidos para publicação. Os óleos vegetais refinados de soja, algodão e farelo de arroz, 
misturas comerciais de acilgliceróis parciais e etanol anidro foram utilizados em todos os 
trabalhos contemplados nos Capítulo 2 a 5. Além disso, os dados de equilíbrio líquido-líquido 
(ELL) de todos os sistemas estudados foram determinados às temperaturas de 30 °C (303,15 
K) e 45 °C (318,15 K). 
No Capítulo 2, os sistemas estudados representam o processo de purificação de 
misturas de triacilgliceróis (TAG), diacilgliceróis (DAG) e monoacilgliceróis (MAG) a partir 
da extração líquida com etanol anidro, para obtenção de produtos ricos em DAG e MAG. Para 
tanto, foram determinados dados de ELL de sistemas contendo óleo refinado + mistura 
comercial de acilgliceróis parciais + etanol anidro. 
O Capítulo 3, por sua vez, apresenta sistemas de desacidificação por extração 
líquido-líquido, considerando-se, além da distribuição dos ácidos graxos livres, a distribuição 
dos acilgliceróis nas fases líquidas formadas em equilíbrio. Dessa forma, foram determinados 
dados de ELL de sistemas contendo óleo refinado + mistura comercial de ácidos graxos + 
mistura comercial de acilgliceróis parciais + etanol anidro. 
Representando sistemas reacionais para obtenção de biodiesel, especificamente a 
primeira etapa da reação de transesterificação alcalina entre óleos vegetais e etanol anidro, os 
Capítulos 4 e 5 compreendem a determinação de dados de ELL dos componentes 
intermediários formados durante o processo de produção do biodiesel etílico. Os sistemas 
tratados no Capítulo 4 são compostos por óleo vegetal + MAG + DAG + éster etílico + etanol 
anidro. Dados de ELL de sistemas mais complexos compostos por óleo vegetal + MAG + 
DAG + éster etílico + ácido graxo + etanol anidro foram determinados e encontram-se no 
Capítulo 5. 
O Capítulo 6 corresponde à discussão geral de todos os sistemas estudados nos 
capítulos citados anteriormente. E, finalmente, no Capítulo 7 são apresentadas as conclusões 
gerais dos principais resultados obtidos em cada um dos capítulos apresentados neste 
trabalho, além de sugestões para trabalhos futuros. 
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Considering vegetable oils as complex multicomponent mixtures composed of 
triacylglycerols (TAG), diacylglycerols (DAG) and monoacylglycerols (MAG) in liquid-
liquid extraction, as in deacidification or in other purification processes can be important not 
only to describe these processes, but to the enrichment of oils with DAG content, or for 
obtaining MAG rich products, as emulsifiers. Thus, this study aims to determine the liquid-
liquid equilibrium (LLE) data of systems containing TAG of refined oils (soybean, cottonseed 
and rice bran) + DAG + MAG of commercial mixture of partial acylglycerols + anhydrous 
ethanol at (303.15 K and 318.15 K). The concentration of all components: TAG, DAG, MAG 
and ethanol in both phases in equilibrium were determined by using the High Performance 
Size Exclusion Chromatography (HPSEC) method. The affinity of DAG to oil phase and of 
MAG to solvent phase is consistent to reported data in literature. The average deviation 
between experimental and calculated compositions, using NRTL model, was less than 0.57 %. 
Using the original version of UNIFAC model with two different set of parameters, the 
deviations vary within the range of (3.85 to 10.63) %. 
 
Keywords: liquid-liquid equilibrium, vegetable oil, diacylglycerol, monoacylglycerol, 
ethanol 
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1. Introduction 
Crude vegetable oils are composed mainly of triacylglycerols, but the 
diacylglycerols amounts can exceed 10 % and in some edible oils, such as cottonseed, rice 
bran and palm oils, these amounts can exceed 5 %. The monoacylglycerols amounts are 
smaller and do not exceed 0.2 % in edible oils [1,2]. 
Due to the both hydrophilic and hydrophobic characteristics of MAG and DAG, 
these molecules show excellent emulsifying properties, being applied in the food, cosmetic, 
pharmaceutical, and chemical industries. The MAG and their mixtures with DAG are 
products widely used in bakery, dairy, and confectionary foods as emulsifiers and have been 
recognized as food‐grade additives by the United States of Food and Drug Administration and 
the European Union [3,4]. 
They are produced industrially by transesterification of fats and oils with an 
excess of glycerol at high temperatures under alkaline catalysis. The final products contain 
mainly MAG, because this partial acylglycerol is the most reacted or substituted form and the 
other reagents DAG, TAG, free fatty acids and glycerol will be found in the final product in 
this sequence, in descending order. High-concentration MAG is later obtained from the 
mixtures by molecular distillation [4]. 
The DAG products, as the DAG cooking oil, are commercially available in Japan 
and in the United States, and contain more than 80 % DAG and less than 20 % TAG and 3 % 
MAG [1]. The DAG oils have similar taste and texture of common oils, composed mainly by 
TAGs. The absorption and metabolism of DAG oil differ from those of TAG and the 
physiological differences are lower postprandial lipemia and an increased proportion of fatty 
acids being oxidized instead of stored. Preliminary studies suggest that these differences in 
energy partitioning between DAG and TAG may be effective in preventing the accumulation 
of body fat and obesity-related disorders and are therefore DAG can be considered as 
functional ingredients [3,5]. 
The liquid-liquid extraction has been studied and considered by some authors as 
an alternative process in the vegetable oil industry, for substitute traditional stages that use 
high temperatures (463 K to 543 K) [6,7] or catalysts which cause saponification and 
emulsification, resulting in large losses of neutral oil and nutraceutical compounds. Literature 
data showed excellent results in the employment of short chain alcohols as solvent in the 
liquid−liquid extraction, such as anhydrous or hydrated ethanol, which present low toxicity, 
easy recovery, good values of selectivity and distribution coefficients of free fatty acids, for 
instance [7-9]. In this sense, obtaining DAG and MAG products from crude oils, or enriched 
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oil products with DAG and MAG using liquid-liquid extraction can be an interesting process, 
because it involves mild conditions of temperature and pressure (unlike the distillation 
process). Besides that, ethanol as the extraction solvent, for example, can be easily separated 
and reused from both phases in equilibrium, in the extraction process. 
Voll et al. [10] determined liquid-liquid equilibrium (LLE) data with the aim of 
enriching the palm oil diacylglycerol content by liquid-liquid extraction. The LLE systems 
studied were composed of TAG, DAG, MAG and free fatty acids (obtained from palm oil 
hydrolysis) with ethanol and water. The authors demonstrated with the LLE data, involving 
these systems, the feasibility of the palm oil diacylglycerol enrichment through liquid–liquid 
phase separation following the esterification procedure. Shiozawa et al. [11] obtained LLE 
data for soybean, cottonseed and rice bran oil deacidification, considering the complex 
multicomponent mixtures composed of TAG, DAG, MAG and free fatty acids. These 
information can be important not only to describe the deacidification process, but to the 
enrichment of oils with DAG content, or for obtaining MAG rich mixtures used as emulsifier 
products. 
Regarding these liquid-liquid equilibrium data involving TAG, DAG, MAG, free 
fatty acids and solvents, there is still a little information in the literature about the systems 
considering these components individually. Thus, this study aims to determine the liquid-
liquid equilibrium data for the fatty systems containing partial acylglycerols. The phase 
equilibrium data for liquid-liquid systems containing TAG of refined oils (soybean, 
cottonseed and rice bran) + DAG + MAG + anhydrous ethanol were measured in two 
temperatures (303.15 K and 318.15 K), using High Performance Size Exclusion 
Chromatography (HPSEC) for the quantification of the components in each phase. In 
addition, these experimental values were used to adjust all binary interaction parameters of 





Table 1 shows the solvents and the fatty compounds used in this study, with their 
respective suppliers and mass fraction purity. All chemicals were used without further 
purification. 
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TABLE 1 
Reagents and fatty compounds used, their suppliers and mass fraction purities. 
Component Supplier
 
Mass fraction purity 
Ethanol Merck (Germany) >0.995
a
 
Acetic acid Merck(Germany) >0.998
a
 
Toluene Sigma-Aldrich (USA) >0.999
a
 
Commercial mixture of 
mono- and diacylglycerols 





Refined soybean oil Cargill(Brazil) >0.999
c
 
Refined cottonseed oil Cargill (Brazil) >0.999
c
 




 As reported by the supplier. 
b
 Of monoacylglycerols. 
c
 Of fatty compounds. 
 
2.2.Experimental methods 
The refined oils and commercial mixture of partial acylglycerols were 
transesterified to fatty acid methyl esters [12] and, then, analyzed using a capillary gas 
chromatography system [13], according to the official method Ce 1-62 of the American Oil 
Chemists' Society (AOCS) to determine their fatty acid compositions [14]. 
The probable triacylglycerol compositions of the refined oils and the commercial 
mixture of partial acylglycerols were determined from the fatty acid composition, using the 
algorithm suggested by Antoniosi Filho et al. [15] and groups with a total triacylglycerol 
composition lower than 0.5 % were ignored. The probable mono- and diacylglycerol 
compositions were determined from the TAG composition. It was considered the probability 
of partial rupture of the TAGs without preference for specific ester bonds.  
In order to determine the commercial mixture of partial acylglycerols composition 
in terms of mono, di and triacylglycerols, it was analyzed following the ASTM D6584-13e1 
method [16]. This analysis was performed in a gas chromatography with a flame ionization 
detector (Shimadzu, model GC-2010), using a 0.10 μm DB-5ht 25 m × 0.32 mm column 
(Agilent, Santa Clara, CA, USA) and as a mobile phase, the helium carrier gas, at Analytical 
Center of the Institute of Chemistry at the University of Campinas (IQ/UNICAMP). The 
diacylglycerol mass fractions of vegetable oils were determined from the composition of a 
fatty compound expressed in mono-, di- and triacylglycerols, as reported by Shiozawa et al. 
[11]. After the DAG amount determined, it was used the HPSEC method described by 
Shiozawa et al. [11] to quantify the TAG amount in refined oils. 
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The free fatty acid contents of the refined oils were determined according to the 
official method 2201 of the International Union of Pure and Applied Chemistry [17] with 
Titrando 808 automatic titrator (Metrohm, Switzerland). 
 
2.3.Experimental procedures 
For each LLE experiment, the refined oil, commercial mixture of partial 
acylglycerols and anhydrous ethanol were weighed on an analytical balance with precision of 
± 0.0001 g (Precisa, model XT220A, Sweden) in glass tubes (10 mL) (Perkin Elmer). The 
tubes were sealed and stirred in a vortex for 20 minutes (Scientific Industries, model Vortex 
Genie 2, USA). The tubes were left at rest at constant temperature in a thermostatic bath (Cole 
Parmer, model 12101-55, Chicago, USA) accurate to ± 0.1 K for a minimum of 36 h. This 
time was determined, observing in previous experiments, the formation of two clear and 
transparent liquid phases and a well-defined interface, which ensure that the liquid-liquid 
equilibrium was achieved. 
After liquid-liquid equilibrium was reached, an upper layer corresponding to the 
solvent phase (SP) and a lower layer to the oil phase (OP) were formed. At this moment, 
samples of both phases were collected using syringes and diluted directly with toluene to 
guarantee an immediate dilution of the samples at ambient temperature. Then, the 
composition of each sample was determined in a HPSEC chromatography according to the 
method described by Shiozawa et al. [11]. 
The procedure developed by Marcilla et al. [18] and applied to fatty systems [19] 
was used to verify the quality of the results, in which values of the deviations of the global 
mass balances less than 0.5 % ensure the good quality of the experimental data. The global 
mass balance deviation is the difference between the sum of the calculated masses of both 
liquid phases with the actual value for total mass used in the experiment. 
 
2.4 Thermodynamic modeling 
2.4.1 NRTL modeling approach 
The experimental data were used to adjust the NRTL parameters, by treating the 
systems as pseudo quaternary system composed by triacylglycerols (TAG), diacylglycerols 
(DAG), monoacylglycerols (MAG) and ethanol. In the NRTL model, the activity coefficient 
expressed in mass fraction is represented in equation 1: 








































































jiij    (4) 
 
ijA (K) and ij  are the adjustable binary parameters between the pair of 
components i  and j , K  is the number of components, T  is the equilibrium temperature (K), 
and M  represents the average molar mass of the pseudo component. 
The NRTL parameters were estimated using an algorithm developed in Fortran 
programming language which uses the modified simplex method to estimate thermodynamic 
parameters by minimizing the objective function of compositions, as suggested by Stragevitch 







































































where D  is the total number of data groups, N  the total number of tie lines in the 
data group, K  is the total number of components in the data group, w  is the mass fraction, 
subscripts i , n  and m  are the component, the tie line, and the group number, respectively, 
and the superscripts SP  and OP  stand for the solvent and oil phases, respectively; exp  and 
calc  refer to experimental and calculated compositions. SP
mniw ,,
  and OP
mniw ,,
  are the standard 
deviations observed in the compositions of the two liquid phases. 
The average deviations between experimental and calculated compositions in both 
phases were calculated according to equation 6: 
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2.4.2 UNIFAC modeling approach 
The UNIFAC thermodynamic model was also used to predict the data of the 
systems. The following structural groups were selected to represent the systems studied: 
―CH3‖, ―CH2‖, ―CH‖, ―CH=CH‖, ―CH2COO‖, and ―OH‖. Two sets of UNIFAC binary 
interaction parameters were used to test the prediction capability for these liquid-liquid 
equilibrium data: UNIFAC-LLE and UNIFAC-HIR. 
The first set of UNIFAC parameters for LLE, UNIFAC-LLE, was presented by 
Magnussen et al. [21] and the other set, UNIFAC-HIR, is the modified UNIFAC-LLE 
parameters, adjusted by using several real multicomponent data for vegetable oil 
deacidification [22]. 
All individual components: mono-, di- and triacylglycerols from fatty compounds 
and ethanol were considered for UNIFAC modeling calculations, representing a total of 48 
different components. 
 
3. Results and Discussion 
3.1 Experimental 
The free fatty acid contents of refined soybean and cottonseed oils expressed as 
linoleic acid were 0.11 % and 0.09 % by mass, respectively, and the free fatty acid content of 
refined rice bran oil expressed as oleic acid was 0.21 %. All values are below the maximum 
limit established by the Codex Alimentarius for refined fats and oils [23]. 
The fatty acid compositions of both the commercial mixture of partial 
acylglycerols and refined oils are presented in table 2. 
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TABLE 2 
Fatty acid compositions of vegetable oils and commercial mixture of mono- and diacylglycerols. 















Fatty Acid/Fatty Acid Ethyl Ester Symbol Cx:y
b
 100 w 100 w 100 w 100 w 
dodecanoic L C12:0 0.19 0.21 ND 0.04 
tetradecanoic M C14:0 0.06 0.67 0.28 0.09 
hexadecanoic P C16:0 10.82 22.75 19.79 11.38 
cis-hexadec-9-enoic Po C16:1 0.06 0.43 0.15 0.08 
octadecanoic S C18:0 3.93 2.26 1.83 5.52 
cis-octadec-9-enoic O C18:1 24.38 17.18 39.73 23.38 
cis,cis-octadeca-9,12-dienoic Li C18:2 52.81 55.90 34.66 52.21 
trans,trans-octadeca-9,12-dienoic 
a
  C18:2T 0.44 ND ND 2.57 
all-cis-octadeca-9,12,15-trienoic Le C18:3 6.43 0.15 1.95 3.53 
all-trans-octadeca-9,12,15-trienoic 
a
  C18:3T ND 0.17 ND 0.20 
icosanoic A C20:0 0.33 0.24 0.77 0.41 
cis-icos-9-enoic Ga C20:1 0.19 0.06 0.53 0.14 
henecoisanoic He C21:0 ND 0.06 ND ND 
docosanoic Be C22:0 0.36 0.09 0.31 0.45 
a
 Trans isomers. 
b
 Cx:y, x = number of carbon and y = number of double bonds. ND = not detected. 
 
Table 3 presents the composition in mass percentage of oils and commercial 
mixture of partial acylglycerols expressed in mono-, di- and triacylglycerols. As reported in 
the previous section, the diacylglycerol composition of refined oils and commercial mixture 
of partial acylglycerols was quantified. The HPSEC results showed that TAG and DAG were 
only detected in the refined oils; thus, once the DAG was quantified, the TAG compositions 
were calculated by difference. The commercial mixture of partial acylglycerols is composed 
by TAG, DAG and MAG, as showed by the HPSEC result. The MAG, DAG and TAG 
quantification was done using a calibration curve made with the commercial mixture of partial 
acylglycerols. Thereby, the accurate characterization of fatty compounds allowed the correct 
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TABLE 3 





 100 w 100 w 100 w 
Soybean oil 99.18 0.82 ND 
Cottonseed oil 98.35 1.65 ND 
Rice bran oil 95.96 4.04 ND 
Commercial mixture of of 
mono- and diacylglycerols 
5.26 34.86 59.89 
ND = not detected. 
 
Table 4 presents the probable tri- and diacylglycerol compositions of soybean, 
cottonseed, rice bran oils, and the probable mono-, di- and triacylglycerol compositions of 
commercial mixture of partial acylglycerols. Thus, the average molar masses of TAG and 
DAG for the vegetable oils and the average molar masses of TAG, DAG and MAG for the 
commercial mixture of partial acylglycerols were calculated and presented in table 4. 
The overall and the corresponding liquid-liquid phase compositions, in mass 
percentage for the pseudo quaternary systems, at 303.15 K and 318.15 K, are presented in 
tables 5, 6 and 7. The deviations of the global mass balance for all systems studied varied 
within the range from 0.01 % to 0.42 %, ensuring the quality of experimental data. 
 
TABLE 4 
Probable tri-, di- and monoacylglycerol composition of vegetable oils and commercial mixture 
of of mono- and diacylglycerols. 
















 -1molg   100 w 100 w 100 w 100 w 
PPP 48:0 807.33 ― ― 1.00 ― 
MLiP 48:2 803.30 ― 0.74 ― ― 
POP 50:1 833.37 0.95 3.20 5.48 1.03 
PLiP 50:2 831.35 2.12 10.62 5.05 2.46 
MLiO 50:3 829.34 ― 0.96 ― ― 
PPLe 50:3 829.34 ― ― 0.62 ― 
LiLiM 50:4 827.32 ― 0.83 ― ― 
POS 52:1 861.42 0.63 0.58 0.98 0.90 
OOP 52:2 859.41 3.66 4.20 10.78 4.30 
POLi 52:3 857.39 10.27 15.34 17.63 10.54 
LiLiP 52:4 855.38 12.36 25.28 8.81 13.01 
PLiLe 52:5 853.36 2.76 ― 0.94 1.76 
LiLiPo 52:5 853.36 ― 0.52 ― ― 
OOS 54:2 887.46 1.11 ― 1.42 1.59 
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OOO 54:3 885.44 ― ― 7.74 ― 
SLiO 54:3 885.44 4.80 1.85 ― 5.86 
OOLi 54:4 883.43 13.19 6.51 16.67 14.35 
LiLiO 54:5 881.41 22.12 14.01 14.97 21.84 
LiLiLi 54:6 879.40 19.70 15.35 5.69 18.97 
LiLiLe 54:7 877.38 5.68 ― 0.74 3.41 
LeLeLi 54:8 875.37 0.65 ― ― ― 
OLiA 56:3 913.50 ― ― 0.81 ― 
LiLiA 56:4 911.48 ― ― 0.66 ― 
  TAG
d
M  872.37 861.47 866.87 873.13 
DAG       
MP 30:0 540.86 ― 0.25 ― ― 
PP 32:0 568.91 1.02 4.61 4.72 1.16 
MO 32:1 566.90 ― 0.32 ― ― 
MLi 32:2 564.88 ― 1.12 ― ― 
PS 34:0 596.96 0.21 0.19 0.33 0.30 
PO 34:1 594.95 6.71 10.24 17.04 7.36 
PLi 34:2 592.93 14.00 29.30 15.43 14.41 
PLe 34:3 590.91 0.92 ― 0.73 0.59 
PoLi 34:3 590.91 ― 0.35 ― ― 
SO 36:1 623.00 2.55 0.81 1.27 3.31 
SLi 36:2 620.99 1.60 0.62 ― 1.95 
OO 36:2 620.99 5.99 3.57 17.36 6.74 
OLi 36:3 618.97 28.56 19.73 27.24 29.59 
LiLi 36:4 616.95 33.09 ― 14.09 31.73 
LiLe 36:5 614.94 5.14 ― 0.81 2.86 
LeLe 36:6 612.92 0.22 28.90 ― ― 
OA 38:1 651.05 ― ― 0.27 ― 
LiA 38:2 649.04 ― ― 0.71 ― 
  DAG
d
M  612.33 605.17 608.62 612.19 
MAG       
P 16:0 330.50 ― ― ― 12.49 
S 18:0 358.56 ― ― ― 2.78 
O 18:1 356.54 ― ― ― 26.87 
Li 18:2 354.52 ― ― ― 56.13 
Le 18:3 352,51 ― ― ― 1.72 
  MAG
d
M  ― ― ― 352.12 
a
Groups with a total triacylglycerol (TAG) composition lower than 0.5% were ignored. 
b
x:y, x 
=number of carbons (except carbons of glycerol); y = number of double bonds. 
c M = molar 
mass. 
d
M = average molar mass. Symbol (─) indicates that acylglycerol was not determined. 
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TABLE 5 
Experimental liquid–liquid equilibrium dataa for the system TAG soybean oil (1) + DAG (2) + MAG (3) + anhydrous ethanol (4) in mass 
percentage at 303.15 K and 318.15 K. 
T (K) Overall composition  Oil phase  Solvent phase 
 
100 w1 100 w2 100 w3 100 w4  100 w1 100 w2 100 w3 100 w4  100 w1 100 w2 100 w3 100 w4 
303.15 52.56 0.43 0.00 47.01  83.48 0.52 0.00 16.00  6.29 0.39 0.00 93.32 
 
50.47 1.10 1.18 47.25  80.37 1.17 0.41 18.05  7.63 0.83 1.68 89.86 
 
48.10 2.09 2.92 46.89  75.48 2.26 1.63 20.63  9.80 1.71 4.20 84.30 
 
42.61 3.82 5.96 47.61  65.53 4.15 4.16 26.15  16.01 3.46 7.76 72.76 
 
41.23 4.52 7.20 47.05  58.87 4.95 5.47 30.71  20.46 4.19 8.76 66.59 
318.15 52.56 0.43 0.00 47.01  82.63 0.51 0.00 16.85  7.65 0.36 0.00 91.99 
 
50.78 1.13 1.22 46.87  79.73 1.22 0.42 18.63  9.39 1.00 1.70 87.91 
 
47.87 2.10 2.94 47.08  74.21 2.16 1.58 22.06  12.18 1.64 4.08 82.10 
 
45.95 2.83 4.23 46.98  69.03 2.91 2.82 25.23  14.10 2.37 5.72 77.81 
 
43.22 3.87 6.04 46.87  61.58 4.06 4.42 29.94  17.94 3.41 7.62 71.03 
a
The standard uncertainty for temperature u(T) = 0.1 K and the standard uncertainty (type A) for mass fractions u(w) ≤ 0.0008. 
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TABLE 6 
Experimental liquid–liquid equilibrium dataa for the system TAG cottonseed oil (5) + DAG (2) + MAG (3) + anhydrous ethanol (4) in mass 
percentage at 303.15 K and 318.15 K. 
T (K) Overall composition  Oil phase  Solvent phase 
 
100 w5 100 w2 100 w3 100 w4 ww 100 w5 100 w2 100 w3 100 w4 ww 100 w5 100 w2 100 w3 100 w4 
303.15 52.11 0.88 0.00 47.01  81.60 0.92 0.00 17.48  7.41 0.75 0.00 91.83 
 
50.04 1.53 1.18 47.25  77.06 1.59 0.59 20.76  8.83 1.16 1.70 88.32 
 
47.69 2.50 2.92 46.89  72.64 2.62 1.82 22.91  11.29 2.03 4.16 82.52 
 
45.60 3.19 4.18 47.03  68.95 3.44 2.74 24.87  13.75 2.68 5.63 77.93 
 
42.26 4.17 5.96 47.05  61.38 4.47 4.42 29.72  18.55 3.78 7.46 70.20 
318.15 52.08 0.88 0.00 47.04  81.33 0.91 0.00 17.76  9.14 0.88 0.00 89.99 
 
50.18 1.50 1.13 47.18  77.66 1.56 0.42 20.36  10.40 1.26 1.68 86.65 
 
47.42 2.57 3.06 46.95  71.27 2.62 1.93 24.18  15.00 2.17 4.13 78.70 
  45.56 3.22 4.23 46.98  66.68 3.37 2.91 27.04  17.38 2.81 5.66 74.15 
 42.80 4.23 6.05 46.91  57.91 4.47 4.85 32.77  22.07 3.85 7.43 66.66 
a
The standard uncertainty for temperature u(T) = 0.1 K and the standard uncertainty (type A) for mass fractions u(w) ≤ 0.0007. 
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TABLE 7 
Experimental liquid–liquid equilibrium dataa for the system TAG rice bran oil (6) + DAG (2) + MAG (3) + anhydrous ethanol (4) in mass 
percentage at 303.15 K and 318.15 K. 
T (K) Overall composition  Oil phase  Solvent phase 
 
100 w6 100 w2 100 w3 100 w4  100 w6 100 w2 100 w3 100 w4 ww 100 w6 100 w2 100 w3 100 w4 
303.15 50.96 2.15 0.00 46.89  80.70 3.12 0.00 16.19  5.91 1.28 0.00 92.81 
 
49.03 2.79 1.26 46.91  77.36 4.14 0.52 17.98  7.45 1.64 1.93 88.98 
 
46.23 3.67 3.00 47.09  72.66 4.88 1.64 20.82  9.81 2.24 4.45 83.49 
 
44.24 4.32 4.25 47.18  69.89 5.25 2.64 22.21  11.59 2.63 5.87 79.90 
 
41.90 5.18 5.92 47.01  64.81 6.53 4.20 24.45  15.75 4.01 7.99 72.25 
 
39.99 5.86 7.21 46.94  58.53 6.80 5.46 29.20  20.33 4.73 9.29 65.65 
318.15 50.79 2.14 0.00 47.07  79.00 3.06 0.00 17.95  7.40 1.35 0.00 91.25 
 
49.00 2.75 1.20 47.05  76.04 4.33 0.58 19.05  9.47 1.75 1.77 87.02 
 
46.40 3.72 3.06 46.81  71.93 4.87 1.82 21.38  13.39 2.47 4.37 79.77 
 
41.92 5.23 5.99 46.87  61.49 6.61 4.33 27.57  18.92 4.14 7.98 68.97 
 
40.04 5.83 7.17 46.96  55.94 6.69 5.72 31.64  22.19 4.85 8.95 64.01 
a
The standard uncertainty for temperature u(T) = 0.1 K and the standard uncertainty (type A) for mass fractions u(w) ≤ 0.0008. 
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Figures 1, 2 and 3 present the experimental and calculated tie lines for the systems 
at 303.15 K and 318.15 K, indicating the DAG (figures 1, 2 and 3 (a)) and MAG distribution 
(figures 1, 2 and 3 (b)). From that figures, it is noted that the increase in temperature from 
303.15 K to 318.15 K causes a decrease in the two-phase region, indicating an improvement 
in the solubility of TAG and ethanol. Besides that, these figures confirm that those 
components show opposite behavior. This occurs because monoacylglycerols contain higher 
number of polar groups (hydroxyl groups) than diacylglycerols, increasing their affinity to the 
solvent phase. This behavior was also observed for similar systems studied and has already 
been reported in literature [24-26]. 
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FIGURE 1. Liquid-liquid equilibrium for the system {TAG soybean oil (1) + DAG (2) + MAG (3) + anhydrous ethanol (4)}:  
experimental data at (■) 303.15 K and (○) 318.15 K;  
calculated values using NRTL model at (---) 303.15 K and NRTL model at (···) 318.15 K; 































































FIGURE 2. Liquid-liquid equilibrium for the system {TAG cottonseed oil (5) + DAG (2) + MAG (3) + anhydrous ethanol (4)}:  
experimental data at (■) 303.15 K and (○) 318.15 K;  
calculated values using NRTL model at (---) 303.15 K and NRTL model at (···) 318.15 K; 
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FIGURE 3. Liquid-liquid equilibrium for the system {TAG rice bran oil (6) + DAG (2) + MAG (3) + anhydrous ethanol (4)}: 
experimental data at (■) 303.15 K and (○) 318.15 K; 
calculated values using NRTL model at (---) 303.15 K and NRTL model at (···) 318.15 K;  
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3.2 Thermodynamic modeling 
All systems evaluated in the present study are composed by the following 
components: refined oil, commercial mixture of partial acylglycerols and anhydrous ethanol. 
As MAG comes only from the commercial mixture of partial acylglycerols, and once TAG 
and DAG are derived from both fatty compounds (table 3), the following notations were used 
to represent the components of the systems for the NRTL thermodynamic modeling: TAG 
soybean oil (1), DAG (2), MAG (3), anhydrous ethanol (4), TAG cottonseed oil (5) and TAG 
rice bran oil (6), with TAG corresponding to the triacylglycerols, DAG related to the 
diacylglycerols and MAG to the monoacylglycerols. 
As observed in table 4, the average molar masses of DAG from refined oil and 
commercial mixture are not the same, so, the average molar masses of DAG were calculated 
for each experimental overall composition, considering the DAG from both sources. The 
average molar masses of DAG in the overall compositions were very close to the respective 
molar mass of DAG of the commercial mixture of partial acylglycerols. Thus, the average 
molar mass of DAG used in the thermodynamic modeling was the respective average molar 
mass of DAG from the commercial mixture of partial acylglycerols. The same procedure was 
done to TAG, and the average molar mass of TAG used in the NRTL thermodynamic 
modeling was the respective average molar mass of TAG from each oil. As MAG comes only 
from the commercial mixture of partial acylglycerols, its average molar mass was used in the 
NRTL modeling. 
The NRTL parameters were adjusted to the experimental data and their values can 
be seen in table 8. The calculated compositions were obtained through these parameters, and 
then, plotted together with the experimental data, as shown in figures 1 to 3. Table 9 shows 
the average deviations between the experimental and the calculated compositions (equation 6) 
for each system. A good alignment can be observed among phase compositions and overall 
composition, and the corresponding low average deviations between experimental and 
calculated compositions for all systems, which ranged from 0.23 % to 0.57 %, demonstrated 
that the NRTL model was able to accurately describe the LLE behavior of the systems. For 
this more complex system, the adjusted NRTL model also fitted well to the experimental 
results. 
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TABLE 8 
NRTL parameters for the binary interactions between TAG soybean oil (1), DAG 
(2), MAG (3), anhydrous ethanol (4), TAG cottonseed oil (5), TAG rice bran oil 
(6). 
 T = 303.15 K ww T = 318.15 K 
Pair       /K    /K         /K    /K     
12 1234.70 -236.65 0.4031  1311.00 -262.84 0.4192 
13 -5.69 -426.18 0.1000  -5.31 -453.19 0.1000 
14 -115.11 1516.70 0.4711  -99.68 1510.30 0.4920 
23 -1083.00 422.89 0.1008  -1061.40 348.56 0.1101 
24 238.35 -4235.90 0.5698  237.73 -4012.50 0.5698 
25 -342.53 -340.09 0.1000  -188.13 -399.04 0.1000 
26 -4294.40 -540.81 0.1001  -4685.60 -545.07 0.1055 
34 -1188.90 -10.60 0.1000  -1072.70 -11.51 0.1001 
35 -236.08 -155.08 0.1239  -195.59 -281.14 0.1000 
36 169.99 -347.12 0.3299  153.03 -406.55 0.1726 
45 255.89 1350.30 0.5700  160.13 1362.10 0.5700 
46 -288.77 1707.70 0.3877  -264.56 1654.30 0.4188 
 
TABLE 9 
Average deviations between experimental and NRTL calculated phase compositions. 
System T (K)    ( ) 
TAG soybean oil (1) + DAG(2) + anhydrous ethanol (4) 
303.15 0.29 
318.15 0.23 






TAG cottonseed oil (5) + DAG (2) + anhydrous ethanol (4) 
303.15 0.57 
318.15 0.44 






TAG rice bran oil (6) + DAG (2) + anhydrous ethanol (4) 
303.15 0.32 
318.15 0.45 
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All individual components from vegetable oils, all from commercial mixture of 
partial acylglycerol and ethanol were considered in the UNIFAC model calculation, thus, the 
compositions of the input materials were employed as precisely as possible and 48 different 
components were used in the calculations of UNIFAC model. 
Table 10 presents the average deviations between the experimental and the 
calculated compositions by UNIFAC, for each investigated system. The average deviations 
between experimental and predicted data using UNIFAC-LLE parameter set were higher than 
those obtained using UNIFAC-HIR parameter set. The deviation values between experimental 
and predicted results using UNIFAC-HIR parameter set decreased in a half, probably due to 
the parameters presented by Hirata et al. [23] were obtained from systems involving fatty 
compounds. The decrease of deviation values between experimental and predicted results 
using UNIFAC-HIR parameter set were also observed by Bessa et al. [24], Ferreira et al. [25] 
and Shiozawa [26] which studied more complex systems considering for the UNIFAC 
thermodynamic model until eight pseudo components, including partial acylglycerols, 
triacylglycerols, fatty acids and ethyl esters.  
 
TABLE 10 
Average deviations (   ( )) between experimental and predicted by UNIFAC models.  
     ( ) 
System T (K) UNIFAC-HIR UNIFAC-LLE 
TAG soybean oil (1) + DAG (2) + MAG (3) + 
anhydrous ethanol (4) 
303.15 5.78 9.69 
TAG soybean oil (1) + DAG (2) + MAG (3) + 
anhydrous ethanol (4) 
318.15 3.85 9.11 
TAG cottonseed oil (5) + DAG (2) + MAG (3) + 
anhydrous ethanol (4) 
303.15 4.98 9.43 
TAG cottonseed oil (5) + DAG (2) + MAG (3) + 
anhydrous ethanol (4) 
318.15 4.32 10.63 
TAG rice bran oil (6) + DAG (2) + MAG (3) + 
anhydrous ethanol (4) 
303.15 4.72 8.83 
TAG rice bran oil (6) + DAG (2) + MAG (3) + 
anhydrous ethanol (4) 
318.15 3.94 9.95 
 
As observed in figures 4 to 6, the predicted data estimated by the two UNIFAC 
parameter sets (UNIFAC-LLE and UNIFAC-HIR) are not consistent with the experimental 
data, due to the underestimation of ethanol and MAG in the oil phase and overestimation in 
the alcoholic phase. The DAG mass fraction predicted using UNIFAC-HIR set showed DAG 
affinity for the alcoholic phase, which is the opposite of the experimental results. Similar 
results were also observed by Bessa et al. [24], Ferreira et al. [25] and Shiozawa [26]. 






FIGURE 4. Liquid-liquid equilibrium for the system with soybean oil {TAG (1) + DAG (2) 
+ MAG (3) + anhydrous ethanol (4)}:  
(■) experimental data; (---) UNIFAC-HIR model; (∙∙∙) UNIFAC- LLE model; 
expressed in DAG (2) (a) at 303.15 K and (b) at 318.15 K;  
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FIGURE 5. Liquid-liquid equilibrium for the system with cottonseed oil {TAG (1) + DAG 
(2) + MAG (3) + anhydrous ethanol (4)}:  
(■) experimental data; (---) UNIFAC-HIR model; (∙∙∙) UNIFAC- LLE model; 
expressed in DAG (2) (a) at 303.15 K and (b) at 318.15 K;  
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FIGURE 6. Liquid-liquid equilibrium for the system with rice bran oil {TAG (1) + DAG (2) 
+ MAG (3) + anhydrous ethanol (4)}:  
(■) experimental data; (---) UNIFAC-HIR model; (∙∙∙) UNIFAC- LLE model; 
expressed in DAG (2) (a) at 303.15 K and (b) at 318.15 K;  
expressed in MAG (3) (c) at 303.15 K and (d) at 318.15 K. 
 
The ratio between the content of component in the solvent phase and the content 
of this component in the oil phase is called distribution coefficient. This ratio is calculated by 
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iw  corresponds to the content of component i in the solvent phase and 
OP
iw  corresponds to the same component i in the oil phase.  
The average distribution coefficients of the components, with the corresponding 
minimum and maximum values, are shown in figure 7. As can be seen in that figure, the 
distribution coefficients of DAG were smaller than the unity, indicating the affinity of DAG 
for the oil phase. Besides that, as also observed in tables 5 and 6, the DAG concentration is 
slightly higher in the oil phase for the systems with refined soybean oil and cottonseed oil. For 
the system with refined rice bran oil, the DAG concentration is almost twice higher in the oil 
phase (table 7), with distribution coefficient values close to 0.5, as previously reported by 
some authors [11,26]. MAG prefer the solvent phase, being about two times more 
concentrated in that phase, with distribution coefficients values close to 2.5. 
 
 
FIGURE 7. Average distribution coefficient (
ik ) at 303.15 K and 318.15 K of: 
DAG (◊) and MAG () in the system composed of TAG soybean oil +  
DAG + MAG + ethanol; 
DAG (□) and MAG (×) in the system composed of TAG cottonseed oil +  
DAG + MAG + ethanol; 
DAG (−) and MAG (●) in the system composed of TAG rice bran oil +  













303.15 K                                                318.15 K
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i
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4. Conclusions 
The affinity of DAG to oil phase, with DAGk  from all systems varying from 0.40 to 
0.97, and of MAG to solvent phase, with MAGk  from all systems varying from 1.53 to 4.10, is 
consistent with reported data in literature. The NRTL model described accurately the LLE 
composition behavior of these partial acylglycerols, thus it is possible to use it for describe 
LLE systems containing MAG and DAG, because the average deviations between 
experimental and calculated compositions for all systems, ranged from 0.23 % to 0.57 %. The 
predicted data from original version of UNIFAC model with two different set of parameters 
were not good, especially the DAG prediction, therefore they are necessary further studies to 
readjust binary interaction parameters considering systems with partial acylglycerols. The 
results showed that the higher the DAG quantity in the oil, the higher is the DAG affinity to 
oil phase in the liquid-liquid extraction with ethanol as solvent, then, this information is 
important to obtain oils rich in DAG. The extract phase, mostly ethanol + MAG, but it still 
contain DAG, can be used to obtain emulsifiers, important products to the food industry. 
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LIQUID−LIQUID EQUILIBRIUM DATA FOR FATTY SYSTEMS CONTAINING 
MONOACYLGLYCEROLS AND DIACYLGLYCEROLS 
 
 
―Reprinted with permission from Shiozawa, S.; Bessa, L. C. B. A.; Ferreira, M. C. Meirelles, 
A. J. A.; Batista, E. A. C. Liquid–Liquid Equilibrium Data for Fatty Systems Containing 
Monoacylglycerols and Diacylglycerols. Journal of Chemical & Engineering 
Data 2015, 60 (8), 2371-2379. Copyright 2015 American Chemical Society.‖ 
 




















The edible oils can be deacidified by solvent extraction and the comprehension of liquid-
liquid equilibrium is essential to the design process. Thus, this study aims to determine the 
data of liquid-liquid equilibrium for the fatty systems containing triacylglycerols (TAG) 
of refined oils (soybean, cottonseed and rice bran) + commercial fatty acid (linoleic and 
oleic) + diacylglycerols (DAG) of commercial mixture of mono- and diacylglycerols + 
monoacylglycerols (MAG) of commercial mixture of mono- and diacylglycerols + 
anhydrous ethanol at different temperatures (303.15 and 318.15 K). The High 
Performance Size Exclusion Chromatography (HPSEC) method was used for 
quantification of all components: TAG, DAG, MAG, fatty acids and ethanol in both 
phases in equilibrium. The preference of fatty acids to solvent phase is consistent to 
previously reported data in literature. The mass fraction of MAG was more than 2 times 
greater in the solvent phase and DAG concentration is higher in oil phase. The average 
deviation between experimental and calculated compositions, using NRTL model, was 
less than 1 %. The obtained parameter set enables the simulation of liquid–liquid 
extractors for edible soybean, cottonseed and rice bran oil deacidification, considering the 





Cottonseed and soybean are some of the most important cultivated oilseeds in the 
world, with cottonseed oil being the fifth most produced and the soybean oil, the second most 
produced and consumed oil in the world. Moreover the rice bran oil has been used only to a 
small extent of its potential as edible oil because of problems with the stability and storage of 
rice bran. Brazil is the largest producer and exporter of oilseeds and one of 10
th
 largest 
producer and exporter of vegetable oil in the world.
1,2 
Crude vegetable oils are composed mainly by triacylglycerols and free fatty acids, and 
in smaller amouts by mono- and diacylglycerols, besides 2 % of non glycedides compounds 
like tocopherols, phospholipids, pigments and others minority and undesirable compounds.
3
 
The removal of free fatty acids is performed during the deacidification step which is the most 
important step on vegetable oil processing, due to its relation with losses of a significant part 
of the oil and other desirable compounds. Liquid-liquid extraction (refining with solvent) is a 
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good alternative for the traditional refining processes 
4
 and it is based on difference of 
solubility of fatty acids and triacylglycerols in the solvent and in the difference of solvent, 
triacylglycerols and fatty acids´ boiling points 
5
. Several authors have been studing the 













and others, analyzing 
besides the free fatty acid extraction, minority components and the influence of water and 
temperature, for example, in the distribution of these components. Literature data showed 
excellent results in the employment of short chain alcohols as solvent, such as anhydrous or 
hydrated ethanol, which present low toxicity, easy recovery, good values of selectivity, and 
distribution coefficients of free fatty acid.
12-14
  
The correct choice of analysis method of fatty compounds depends of what will be 
determined and the information to be obtained.
15,16 
The chromatographic techniques are 
commonly used to separate the acylglycerols, and the High Performance Size Exclusion 
Chromatography (HPSEC) has been used . The HPSEC technique is based on molar mass 
separation of compounds, and well applied in crude and refined oils quality avaliation, in 
quantification and separation of mono-, di- and triacylglycerols and free fatty acids.
15 
Arzamendi et al. 
17
 and Kittirattanapiboon and Krisnangkura 
18
 used the HPSEC technique to 
monitore the biodiesel production where the partial acylglycerols (DAG, MAG and fatty 
acids) are formed during the transesterification reaction; and Aryusuk et al. 
19
 used the 
HPSEC technique to quantify the wax in crude rice bran oil, including the determination of 
mono-, di- and triacylglycerols and fatty acids. 
These data involving triacylglycerols and fatty acids are important for vegetable oil 
deacidification comprehension by liquid-liquid extraction, but no information is in literature 
about the behavior of partial acylglycerols in these kind of systems. About mono- and 
diacylglycerol distribution in alcoholic and oil phases, the development of a methodology 
which relates, equates and elucidates the composition in each phase is necessary.  
Thus, the aim of this work was to investigate the liquid-liquid equilibrium of refined 
oil (soybean, cottonseed and rice bran) + commercial fatty acid (linoleic and oleic) + 
commercial mixture of mono- and diacylglycerols + anhydrous ethanol at different 
temperatures (303.15 and 318.15) K using High Performance Size Exclusion Chromatography 
(HPSEC) for the quantification of the components in each phase. The measured liquid-liquid 
equilibrium data set was used for adjusting parameters of the NRTL (non-random two-liquid) 
model. 
 




Materials. The solvents used in this work were anhydrous ethanol and anhydrous 
acetic acid (glacial) both from Merck (Germany) and with purity greater than 99.5 % by mass, 
and toluene CHROMASOLV® Plus for HPLC from Sigma-Aldrich (USA) and purity greater 
than 99.5 % by mass. Commercial oleic and linoleic acids were acquired from Sigma-Aldrich 
(USA) with purity 90.76 % and 66.46 % by mass respectively. A commercial mixture of 
mono- and diacylglycerols was used as a partial acylgycerols source in this work. Refined 
soybean and cottonseed oils were kindly supplied by Cargill (Mairinque, Brazil), and refined 
rice bran oil was kindly supplied by Irgovel (Pelotas, Brazil).  
 
Experimental methods. Refined oils and fatty acids used in this work were analyzed by 
gas chromatography of the fatty acid methyl esters, according to the official method Ce 1-62 
of the American Oil Chemists' Society (AOCS) 
20 
to determine their fatty acid composition.
 
Prior to the chromatographic analysis, the fatty samples were prepared in the form of fatty 
acid methyl esters according to Hartman and Lago 
21
. The chromatographic analysis was 
carried out using a capillary gas chromatography system under the same experimental 
conditions shown in Lanza et al. 
22
. The fatty acid compositions of the commercial oleic and 
linoleic acids, commercial mixture of mono- and diacylglycerols, refined soybean, cottonseed 
and rice bran oils are presented in Table 1.  
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Table 1. Fatty acid compositions of vegetable oils, commercial fatty acids and commercial mixture of mono- and diacylglycerols 
    Oils 
Commercial 
fatty acids  
Commercial mixture 


















Fatty Acids Symbol Cx:y
b -1molg   100 w 100 w 100 w 100 w 100 w 100 w 
decanoic C C10:0 172.26 ― ― ― 0.64 ― ― 
dodecanoic L C12:0 200.32 0.19 0.21 ― ― ― 0.02 
tetradecanoic M C14:0 228.38 0.06 0.67 0.28 0.22 ― 0.72 
hexadecanoic P C16:0 256.43 10.82 22.75 19.79 5.07 1.00 22.17 
cis-hexadec-9-enoic Po C16:1 254.42 0.06 0.43 0.15 0.12 ― 0.47 
heptadecanoic Ma C17:0 270.45 ― ― ― 0.03 0.22 ― 
cis-heptadec-9-enoic Mg C17:1 268.43 ― ― ― 0.03 0.04 ― 
octadecanoic S C18:0 284.49 3.93 2.26 1.83 1.68 2.25 2.37 
cis-octadec-9-enoic O C18:1 282.47 24.38 17.18 39.73 25.49 90.76 16.50 
cis,cis-octadeca-9,12-dienoic Li C18:2 280.45 52.81 55.90 34.66 66.46 5.42 57.17 
trans,trans-octadeca-9,12-dienoic
 a 
 C18:2T 280.45 0.44 ― ― ― 0.22 ― 
all-cis-octadeca-9,12,15-trienoic Le C18:3 278.44 6.43 0.15 1.95 ― 0.08 0.25 
all-trans-octadeca-9,12,15-trienoic
 a 
 C18:3 278.44 ― 0,17 ― ― ― ― 
icosanoic A C20:0 312.54 0.33 0.24 0.77 0.08 ― 0.21 
cis-icos-9-enoic Ga C20:1 310.52 0.19 0.06 0.53 0.12 ― ― 
henecoisanoic He C21:0 326.56 ― 0.06 ― 0.06 ― ― 
docosanoic Be C22:0 340.59 0.36 0.09 0.31 ― ― 0.12 
a
 Trans isomers. 
b
 Cx:y, x = number of carbon and y = number of double bonds. 
c
 M = molar mass. 
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The composition expressed in terms of mono-, di- and triacylglicerols of the 
commercial mixture of mono- and diacylglycerols was taken using gas chromatography, 
according to the standard test method ASTM D6584 of the American Society for Testing and 
Materials (ASTM International). The diacylglycerol compositions of the oils (soybean, 
cottonseed, rice bran oils) were determined by HPSEC chromatography according to a 
published method 
14
, using the calibration curve of commercial mixture of mono- and 
diacylglycerols. The HPLC system was equipped with an automatic injector (Shimadzu, 
model SIL-20A, Japan), with a 5-μm Phenogel™ 300×7.8 mm ID size exclusion column 
(Phenomenex, Torrance, CA, USA) and a RI detector. The column temperature was set at 313 
K and the injection volume was 0.20 µL. A mobile phase of 0.25 % (v/v) acetic acid in 
toluene, at a flow rate of 1.0 mL min
−1 
was used during the 17 min run time. The 
concentrations of the samples were 10 mg/mL, each prepared in toluene. The triacylglycerol 
compositions were calculated by difference, since it was not detected the monoacylglyerols in 
these oils. Table 2 presents the composition of oils and commercial mixture of mono- and 
diacylglycerols expressed in tri-, di- and monoacylglycerols. 
 





 100 w 100 w 100 w 
Soybean oil 99.18 0.82 0.00 
Cottonseed oil 98.35 1.65 0.00 
Rice bran oil 95.96 4.04 0.00 
Commercial mixture of mono- 
and diacylglycerols 
6.49 32.35 61.16 
 
From fatty acid compositions presented in Table 1, the probable triacylglycerol 
compositions of refined oils and commercial mixture of mono- and diacylglycerols could be 
determined, using the algorithm suggested by Antoniosi Filho et al. 
23
, ignoring the 
triacylglycerol sets with a total concentration less than 0.5 %. Table 3 presents the probable 
triacylglycerol compositions and the average molar masses of these fatty compounds. These 
compositions were also used to determine the probable mono- and diacylglycerol 
compositions. Starting from triacylglycerol compositions, all possible combinations of mono- 
and diacylglycerols were made. In Table 3, the probable diacylglycerol compositions of 
soybean, cottonseed, rice bran oils, the probable mono- and diacylglycerol compositions of 
commercial mixture and all average molar masses are shown. 
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Table 3. Probable tri-, di- and monoacylglycerol composition of vegetable oils and 
commercial mixture of mono- and diacylglycerols 
 















b -1molg   100 w 100 w 100 w 100 w 
PPP 48:0 807.33 ― ― 1.00 ― 
MLiP 48:2 803.30 ― 0.74 ― 2.87 
POP 50:1 833.37 0.95 3.20 5.48 0.55 
PLiP 50:2 831.35 2.12 10.62 5.05 0.73 
MLiO 50:3 829.34 ― 0.96 ― 10.16 
PPLe 50:3 829.34 ― ― 0.62 3.99 
LiLiM 50:4 827.32 ― 0.83 ― ― 
POS 52:1 861.42 0.63 0.58 0.98 1.03 
OOP 52:2 859.41 3.66 4.20 10.78 ― 
POLi 52:3 857.39 10.27 15.34 17.63 14.53 
LiLiP 52:4 855.38 12.36 25.28 8.81 ― 
PLiLe 52:5 853.36 2.76 ― 0.94 1.78 
LiLiPo 52:5 853.36 ― 0.52 ― ― 
OOS 54:2 887.46 1.11 ― 1.42 0.93 
OOO 54:3 885.44 ― ― 7.74 25.53 
SLiO 54:3 885.44 4.80 1.85 ― 6.49 
OOLi 54:4 883.43 13.19 6.51 16.67 ― 
LiLiO 54:5 881.41 22.12 14.01 14.97 ― 
LiLiLi 54:6 879.40 19.70 15.35 5.69 0.67 
LiLiLe 54:7 877.38 5.68 ― 0.74 14.17 
LeLeLi 54:8 875.37 0.65 ― ― 16.57 
OLiA 56:3 913.50 ― ― 0.81 ― 
LiLiA 56:4 911.48 ― ― 0.66 ― 
  TAGM  872.37 861.47 866.87 861.90 
DAG 
 
     
MP 30:0 540.86 ― 0.25 ― 0.24 
PP 32:0 568.91 1.02 4.61 4.72 4.34 
MO 32:1 566.90 ― 0.32 ― 0.34 
MLi 32:2 564.88 ― 1.12 ― 1.21 
PS 34:0 596.96 0.21 0.19 0.33 0.18 
PO 34:1 594.95 6.71 10.24 17.04 9.60 
PLi 34:2 592.93 14.00 29.30 15.43 28.88 
PLe 34:3 590.91 0.92 ― 0.73 ― 
PoLi 34:3 590.91 ― 0.35 ― 0.45 
SO 36:1 623.00 2.55 0.81 1.27 0.78 
SLi 36:2 620.99 1.60 0.62 ― 0.59 
OO 36:2 620.99 5.99 3.57 17.36 3.49 
OLi 36:3 618.97 28.56 19.73 27.24 19.56 
LiLi 36:4 616.95 33.09 ― 14.09 ― 
LiLe 36:5 614.94 5.14 ― 0.81 ― 
LeLe 36:6 612.92 0.22 28.90 ― 30.33 
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OA 38:1 651.05 ― ― 0.27 ― 
LiA 38:2 649.04 ― ― 0.71 ― 
  DAGM  618.00 605.17 608.62 605.29 
MAG 
 
     
M 14:0 302.45 ― ― ― 0.90 
P 16:0 330.50 ― ― ― 23.80 
Po 16:1 328.49 ― ― ― 0.22 
S 18:0 358.56 ― ― ― 0.78 
O 18:1 356.54 ― ― ― 18.63 
Li 18:2 354.52 ― ― ― 55.67 
  MAGM     348.69 
a
 Groups with a total triacylglycerol (TAG) composition lower than 0.5 % were ignored. 
b 
x:y, 
x = number of carbons (except carbons of glycerol); y = number of double bonds. 
c
 M = molar 
mass. 
 
The free fatty acid contents of refined oils were determined according to the official 
method 2201 of the International Union of Pure and Applied Chemistry (IUPAC) 
24
 using the 
automatic titrator Titrando 808 (Metrohm, Switzerland). Refined soybean and cottonseed oils 
presented a free fatty acid content of 0.11 % and 0.09 % by mass expressed in linoleic acid, 
respectively, and the free farry acid of refined rice bran oil was 0.21 % by mass expressed in 
oleic acid. 
 
Experimental Procedures. Each liquid-liquid equilibrium experiments was prepared by the 
addition of commercial mixture of mono- and diacylglycerols, fatty acid (oleic or linoleic) 
anhydrous ethanol and a different refined oil in a sealed glass tubes (10 mL) (Perkin Elmer). 
These components were weighted in the tubes on an analytical balance (Precisa, model 
XT220A, Sweden) accurate to ±0.0001 g. The tubes were sealed and vigorously stirred during 
20 minutes using a vortex (Scientific Industries, model Vortex Genie 2, USA). All systems 
were left at rest for a minimum of 36 h at constant temperature in a thermostatic bath (Cole 
Parmer, model 12101-55, Chicago, USA) accurate to ± 0.1 K. This led to the liquid-liquid 
equilibrium through the formation of two clear and transparent phases with a well-defined 
interface. Equilibrium data for the systems containing refined soybean and cottonseed oil 
were measured at 303.15 K and 318.15 K using commercial linoleic acid as the major source 
of free fatty acid, and the commercial mixture of mono- and diacylglycerols. The system 
containing refined rice bran oil was measured at the same temperatures above using 
commercial oleic acid as the major source of free fatty acid, and the commercial mixture of 
mono- and diacylglycerols. In both cases the uncertainty of the equilibrium temperature was 
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not greater than 0.1 K. After equilibrium was attained, samples of both liquid phases were 
collected and analyzed by HPSEC chromatography according to the method described by 
Kittirattanapiboon and Krisnangkura 
14
, previously cited. Each component in liquid-liquid 
equilibrium phases was quantified by a different calibration curve (external calibration), using 
six concentration levels of the same components used in the equilibrium systems. To verify 
the quality of the results, the procedure developed by Marcilla et al. 
25 
was used, where the 
values of the deviations of the global mass balances less than 0.5 % ensure the good quality of 
the experimental data. The global mass balance deviation is the difference between the sums 
of the calculated masses of both liquid phases with the actual value for total mass used in the 
experiment. 
Thermodynamic Modeling. The experimental data measured for the systems were 
used to adjust the parameters of the NRTL model. The parameter adjustments were made by 
treating the systems as pseudoquinary composed by triacylglycerols (TAG), diacylglycerols 
(DAG), monoacylglycerols (MAG), fatty acids and ethanol. In the NRTL model, the activity 











































































jiij    (4) 
 
ijA and ij  are the adjustable binary parameters between the pair of components i  and j , K  
is the number of components, T  is the equilibrium temperature (K), and M  represents the 
average molar mass of the pseudocomponent. 
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Estimation of the NRTL parameters was performed by minimizing the objective 












































































where D  is the total number of data groups, N  the total number of tie lines in the data group, 
K  is the total number of components in the data group, w  is the mass fraction, subscripts i , 
n  and m , are the component, tie line, and group number, respectively, and the superscripts 
SP  and OP  stand for the solvent and oil phases, respectively; exp  and calc  refer to 
experimental and calculated compositions. SP
mniw ,,
  and OP
mniw ,,
  are the standard deviations 
observed in the compositions of the two liquid phases. 
The average deviations between experimental and calculated compositions in both 
phases were calculated according to eq. 6: 
 































RESULTS AND DISCUSSION 
 
The following notations were used to represent the components of the systems: TAG 
soybean oil (1), DAG (2), MAG (3), commercial linolenic acid (4), anhydrous ethanol (5), 
TAG cottonseed oil (6), TAG rice bran oil (7), and commercial oleic acid (8), with TAG 
corresponding to the triacylglycerols, DAG to the diacylglycerols from commercial mixture 
of mono- and diacylglycerols and MAG to the monoacylglycerols from commercial mixture 
of mono- and diacylglycerols.  
The overall and the corresponding liquid-liquid phase compositions, in mass 
percentage for pseudoquinary systems, at 303.15 and 318.15 K, are presented in Tables 4, 5 
and 6. The deviations of the global mass balance for all systems studied varied within the 
range from 0.494 % to 0.002 %, ensuring the quality of experimental data.
 25 
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Table 4. Experimental liquid–liquid equilibrium data for the system TAG soybean oil (1) + DAG (2) + MAG (3) + commercial linoleic acid (4) + 
anhydrous ethanol (5) in mass percentage at 303.15 K and 318.15 K 
a
. 
T (K) Overall composition w Oil phase w Solvent phase 
 
100 w1 100 w2 100 w3 100 w4 100 w5  100 w1 100 w2 100 w3 100 w4 100 w5  100 w1 100 w2 100 w3 100 w4 100 w5 
303.15 47.95 2.00 3.04 0.00 47.01  74.58 1.95 2.19 0.00 21.28  9.29 1.40 5.30 0.00 84.00 
 
47.29 1.96 2.97 0.68 47.11  75.98 1.88 1.86 0.54 19.74  10.87 1.34 4.41 0.78 82.60 
 
46.57 2.03 3.12 1.51 46.76  74.82 1.93 2.03 1.28 19.93  11.03 1.43 4.82 1.79 80.94 
 
45.77 1.97 3.01 2.11 47.14  74.62 1.93 1.96 1.80 19.69  12.20 1.39 4.87 2.47 79.07 
 
44.81 1.97 3.02 3.06 47.14  72.20 1.94 2.08 2.67 21.12  14.41 1.50 4.85 3.61 75.63 
 
43.32 1.97 3.06 4.66 46.98  63.60 1.83 2.21 4.34 28.01  19.29 1.43 4.16 5.27 69.85 
318.15 47.84 2.02 3.08 0.00 47.06  78.26 1.81 1.95 0.00 17.98  11.44 1.47 4.98 0.00 82.11 
 
46.90 2.00 3.06 1.00 47.04  75.07 1.80 1.96 0.83 20.34  12.25 1.41 4.91 1.19 80.24 
 
45.85 2.02 3.12 1.99 47.02  73.61 1.87 1.89 1.64 20.99  14.84 1.56 5.04 2.48 76.07 
 
44.95 2.02 3.12 2.93 46.97  72.34 1.95 2.32 2.59 20.79  15.36 1.44 4.68 3.34 75.18 
  42.98 1.98 3.08 5.03 46.94  65.87 1.88 2.01 4.69 25.55  20.43 1.54 3.98 5.65 68.40 
 
a
 The standard uncertainty for the temperature u(T) is 0.1 K, and the standard uncertainty for the mass fractions u(w) is 0.15 %. 
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Table 5. Experimental liquid–liquid equilibrium data for the system TAG cottonseed oil (6) + DAG (2) + MAG (3) + commercial linoleic acid 
(4) + anhydrous ethanol (5) in mass percentage at 303.15 K and 318.15 K 
a
. 
T (K) Overall composition  Oil phase  Solvent phase 
 
100 w6 100 w2 100 w3 100 w4 100 w5 w 100 w6 100 w2 100 w3 100 w4 100 w5 w 100 w6 100 w2 100 w3 100 w4 100 w5 
303.15 47.60 2.38 3.00 0.00 47.02  72.63 2.89 1.91 0.00 22.56  11.14 2.11 4.22 0.00 82.52 
 
46.46 2.45 3.17 1.01 46.92  69.48 2.95 1.93 0.80 24.85  13.09 2.21 4.58 1.13 78.99 
 
45.60 2.37 3.04 1.99 47.01  66.49 2.88 1.90 1.76 26.98  14.87 2.19 4.09 2.18 76.67 
 
44.50 2.36 3.06 3.00 47.07  63.04 2.88 2.25 2.69 29.14  17.78 2.20 3.98 3.28 72.76 
 
43.64 2.40 3.16 3.91 46.88  59.24 2.83 2.29 3.61 32.02  21.18 2.34 3.89 4.22 68.37 
 
42.58 2.36 3.12 4.99 46.94  55.60 2.48 2.66 4.82 34.44  23.90 2.29 3.55 5.53 64.74 
318.15 47.63 2.42 3.08 0.00 46.87  72.37 2.91 1.93 0.00 22.78  14.24 2.17 4.21 0.00 79.39 
 
46.66 2.35 2.97 1.02 47.00  69.84 2.78 1.91 0.80 24.67  16.42 2.17 4.21 1.11 76.09 
 
45.61 2.35 3.00 2.01 47.03  65.95 2.79 2.22 1.79 27.25  18.41 2.10 4.28 2.36 72.85 
 
44.45 2.38 3.11 3.04 47.02  63.10 2.75 2.01 2.69 29.44  21.00 2.37 3.84 3.41 69.37 
  43.76 2.34 3.03 3.93 46.95  61.23 2.74 2.23 3.68 30.12  23.97 2.31 3.78 4.43 65.51 
 
a
 The standard uncertainty for the temperature u(T) is 0.1 K, and the standard uncertainty for the mass fractions u(w) is 0.22 %. 
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Table 6. Experimental liquid–liquid equilibrium data for the system TAG rice bran oil (7) + DAG (2) + MAG (3) + commercial oleic acid (8) + 
anhydrous ethanol (5) in mass percentage at 303.15 K and 318.15 K 
a
. 
T (K) Overall composition  Oil phase  Solvent phase 
 
100 w7 100 w2 100 w3 100 w8 100 w5 w 100 w7 100 w2 100 w3 100 w8 100 w5 w 100 w7 100 w2 100 w3 100 w8 100 w5 
303.15 46.29 3.55 3.06 0.00 47.09  73.53 4.71 2.03 0.00 19.74  9.84 2.52 4.52 0.00 83.11 
 
45.42 3.55 3.13 0.91 46.99  70.98 4.62 1.81 0.81 21.78  11.39 2.54 4.84 1.04 80.19 
 
44.62 3.47 3.04 1.86 47.00  69.10 4.68 2.02 1.53 22.66  12.41 2.44 4.47 2.10 78.58 
 
43.33 3.43 3.07 3.12 47.05  64.67 4.39 2.24 2.80 25.90  15.01 2.62 4.18 3.46 74.74 
 
42.43 3.38 3.04 4.19 46.95  61.35 4.32 2.22 3.91 28.20  18.41 2.79 4.11 4.66 70.03 
 
41.49 3.35 3.06 5.18 46.96  55.98 4.16 2.21 4.82 32.83  21.97 2.95 3.83 5.52 65.74 
318.15 46.40 3.57 3.08 0.00 46.95  72.60 4.77 1.88 0.00 20.74  11.42 2.48 4.80 0.00 81.30 
 
45.45 3.51 3.04 1.11 46.89  68.66 4.95 1.94 0.81 23.52  12.53 2.49 4.16 1.17 79.65 
 
43.97 3.46 3.06 2.34 47.18  67.01 4.28 1.99 2.03 24.69  13.79 2.63 4.03 2.48 77.07 
 
43.38 3.46 3.11 2.96 47.10  63.27 4.69 2.21 2.64 27.19  15.45 2.71 4.14 3.21 74.48 
 
42.53 3.40 3.07 4.07 46.94  59.75 4.46 2.28 3.68 29.83  17.77 2.77 4.24 4.48 70.74 
  42.03 3.34 2.99 4.54 47.11  59.86 4.46 2.14 4.13 29.40  18.65 2.69 4.09 5.00 69.57 
a
 The standard uncertainty for the temperature u(T) is 0.1 K, and the standard uncertainty for the mass fractions u(w) is 0.20 %. 
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As aforementioned for the thermodynamic modeling, it is necessary to calculate the 
average molar masses of the pseudocomponents. In each system studied, some 
pseudocomponents, such as TAG and DAG are derived from oil and commercial mixture of 
mono- and diacylglycerols (Table 2). In the case of the system with soybean oil, TAG is 
derived from soybean oil and from commercial mixture. Based on Table 3, the average molar 
masses of TAG from soybean oil and commercial mixture are 872.37 1molg  and 861.90 
1molg , respectively. As the values are not exactly the same, it was calculated the average 
molar masses of TAG for each overall experimental composition, considering TAG derived 
from both sources. The values of the average molar masses of TAG in the overall composition 
were very close to the respectively average molar mass of TAG from soybean oil. DAG is 
also derived from soybean oil and from commercial mixture, and the average molar masses of 
DAG from soybean oil and commercial mixture are 618.00 1molg  and 605.29 1molg , 
respectively. As the values are not so close, it was calculated the average molar masses of 
DAG for each overall experimental composition, considering DAG derived from both 
sources. The values of the average molar masses of DAG in the overall composition were 
very close to the respectively average molar mass of DAG from commercial mixture. Starting 
from these conclusions, the average molar mass of TAG´s used in the thermodynamic 
modeling were the respective average molar masses of TAG from oils. The same procedure 
was used for DAG´s. As MAG comes from only the commercial mixture, its average molar 
mass is presented in Table 3. The average molar masses of commercial linoleic acid and 
commercial oleic acid were calculated from their respectively fatty acid compositions 
presented in Table 1 and the values were 279.07 1molg and 282.11 1molg , respectively. 
These results were used in the thermodynamic modeling for commercial fatty acids since the 
oils used in the systems are refined. 
Table 7 presents the adjusted NRTL parameters, and the average deviations between 
the experimental and the calculated compositions (eq. 6) for each investigated system are 
shown in Table 8.  
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Table 7. NRTL parameters for the binary interactions between TAG soybean oil (1), DAG (2), MAG (3), commercial linolenic acid (4), 
anhydrous ethanol (5), TAG cottonseed oil (6), TAG rice bran oil (7), and commercial oleic acid (8) 
T = 303.15 K 
Pair        (K)     (K)     
T = 318.15 K 
Pair        (K)     (K)     
12 -1420.7 -277.31 0.48797 12 -1405.3 -288.34 0.51377 
13 291.75 1520.7 0.54133 13 320.29 1361.6 0.54637 
14 129.21 -33.23 0.54448 14 120.48 -34.952 0.56932 
15 14.508 1333.5 0.53501 15 13.748 1373.4 0.52147 
23 29855 5139.2 0.13635 23 29463 6381.7 0.18275 
24 -1059.7 -2010.2 0.57000 24 -1279.7 -2273.3 0.56288 
25 -1042.5 -271.58 0.34317 25 -1063.1 -266.14 0.35485 
26 1148.2 -5099.8 0.10496 26 995.63 -4459.3 0.13112 
27 -99.458 -2341.6 0.54055 27 -69.648 -2329.7 0.54504 
28 -3528.3 -3538.6 0.16350 28 -3728.3 -4125.9 0.19489 
34 -1351.3 6811 0.16511 34 -1912.3 6002.4 0.13849 
35 453.88 881.16 0.21665 35 401.25 830.69 0.27044 
36 1007.8 20.148 0.10000 36 999.74 23.326 0.10402 
37 5043.4 -318.02 0.12947 37 3561.6 -325.91 0.16169 
38 502.48 3143.8 0.16991 38 400.8 3365 0.18817 
45 3616.2 -177.92 0.43197 45 4126.9 -198.9 0.42975 
46 -138.67 1112.2 0.10121 46 -121.96 1115.6 0.11333 
56 1648 -409.63 0.39324 56 1688.4 -414.56 0.38529 
57 2579.6 -851.79 0.19737 57 2575.5 -844.06 0.21312 
58 -1785.3 -1401.8 0.10355 58 -2092.8 -1007.7 0.10088 
78 48.479 -714.43 0.15896 78 50.568 -629.19 0.11529 
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Table 8. Average deviations between experimental and NRTL calculated phase compositions 
System T (K)    ( ) 
TAG soybean oil (1) + DAG (2) + MAG (3) + anhydrous ethanol (5) 
303.15 0.97 
318.15 0.12 
TAG cottonseed oil (6) + DAG (2) + MAG (3) + anhydrous ethanol (5) 
303.15 0.54 
318.15 0.23 
TAG rice bran oil (7) + DAG (2) + MAG (3) + anhydrous ethanol (5) 
303.15 0.28 
318.15 0.20 
TAG soybean oil (1) + DAG (2) + MAG (3) + commercial linolenic acid (4) + anhydrous ethanol (5) 
303.15 0.95 
318.15 0.41 
TAG cottonseed oil (6) + DAG (2) + MAG (3) + commercial linolenic acid (4) + anhydrous ethanol (5) 
303.15 0.51 
318.15 0.31 
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Figure 1 shows the experimental tie lines and those calculated using the NRTL model 
for system containing TAG soybean oil (1) + DAG (2) + MAG (3) + commercial linoleic acid 
(4) + anhydrous ethanol (5) at 303.15 K (a) and 318.15 K (b), respectively. Figure 2 shows 
the experimental data and those calculated by the NRTL model for system containing TAG 
cottonseed oil (6) + DAG (2) + MAG (3) + commercial linoleic acid (4) + anhydrous ethanol 
(5) at 303.15 K (a) and 318.15 K (b), respectively. Finally, Figure 3 shows the experimental 
tie lines and those calculated using the NRTL model for systems containing TAG rice bran oil 
(7) + DAG (2) + MAG (3) + commercial oleic acid (8) + anhydrous ethanol (5) at 303.15 K 
(a) and 318.15 K (b), respectively. A good alignment can be observed among phase 
compositions and overall composition in all figures. Apart from that, the corresponding low 
average deviations between the experimental and the calculated compositions for all systems, 
which ranging from 0.12 % to 0.97 % (Table 8), prove that the selected thermodynamic 
model was able to accurately describe the phase compositions for the systems studied in this 
work. 
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Figure 1. TAG soybean oil (1) + DAG (2) + MAG (3) + commercial linoleic acid (4) + 




Figure 2. TAG cottonseed oil (6) + DAG (2) + MAG (3) + commercial linoleic acid (4) + 
anhydrous ethanol (5). (a) at 303.15 K; (b) at 318.15 K: (■) experimental; (---) NRTL model. 
  
(a) (b) 




Figure 3. TAG rice bran oil (7) + DAG (2) + MAG (3) + commercial oleic acid (8) + 
anhydrous ethanol (5). (a) at 303.15 K; (b) at 318.15 K: (■) experimental; (---) NRTL model. 
 
It can be noted and confirmed by several authors in the literature that in liquid-liquid 
equilibrium of fatty systems, the increase in temperature and free fatty acid concentration lead 
to the increase in solubility between both phases. 
11,27-29
 
Figure 4 presents the distribution diagrams for the three systems at 303.15 K (a) and 
318.15 K (b). In Figure 4 (a), it is possible to observe that the commercial linoleic acid in 
cottonseed oil system and commercial oleic acid in rice bran oil system distribute in a similar 
way in both phases. The commercial linoleic acid in soybean oil system has a slightly 
preference to the solvent phase when compared to the fatty acid behavior in the other two 
systems. In Figure 4 (b), despite the small difference among the distribution of fatty acids in 
the different systems, it is possible to note a slightly preference for solvent phase as the 
following sequence: commercial linoleic acid in soybean oil system, commercial linoleic acid 
in cottonseed oil system and commercial oleic acid in rice bran oil system. 
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Figure 4. Distribution diagram at (a) 303.15 K and (b) 318.15 K for systems of  
TAG soybean oil (1) + DAG (2) + MAG (3) + commercial linoleic acid (4) + anhydrous ethanol (5): experimental (●); NRTL model (─), 
TAG cottonseed oil (6) + DAG (2) + MAG (3) + commercial linoleic acid (4) + anhydrous ethanol (5): experimental (■); NRTL model (---), 
TAG rice bran oil (7) + DAG (2) + MAG (3) + commercial oleic acid (8) + anhydrous ethanol (5): experimental (▲); NRTL model (∙∙∙∙). 
Capítulo 3 Artigo publicado na revista J. Chem. Eng. Data 74 
 
Another result that can be observed is the behavior of minority compounds in phases. 














iw  corresponds to the content of each commercial fatty acid, DAG or MAG in the 
solvent phase and 
OP
iw  corresponds to the content of each commercial fatty acid, DAG or 
MAG in the oil phase.  
The distribution coefficients of DAG (Figure 5) were smaller than the unity, indicating 
the preference of DAG for the oil phase, besides, it was possible to observe in Figure 5 and 
Tables 4 and 5 that DAG concentration is slightly higher in the oil phase for the systems with 
refined soybean oil and cottonseed oil. In the case of system with refined rice bran oil, the 
DAG concentration is almost twice higher in the oil phase (Table 6), with distribution 
coefficient values close to 0.5. MAG prefers the solvent phase, being about two times more 
concentrated in that phase, as shown in Figure 5, with distribution coefficients values close to 
or higher than 2. The free fatty acid distribution coefficients, assumed to be commercial 
linoleic acid for refined soybean and cottonseed oils, and to be commercial oleic acid for rice 
bran oil, were higher than the unity showing that free fatty acids prefer the solvent phase, 
which is a important information to the liquid-liquid deacidification, as reported previously by 
some authors. 
7, 30, 31
 Based in Figure 5, at 303.15 K, it is possible to observe that the 
distribution coefficient of commercial linoleic acid in soybean oil system is slightly higher 
than the distribution coefficients of commercial linoleic acid in cottonseed oil system and of 
commercial oleic acid in rice bran oil system. At 318.15 K, as noted in Figure 4, the values of 
distribution coefficient of commercial fatty acids decreased as the following sequence: 
commercial linoleic acid in soybean oil system, commercial linoleic acid in cottonseed oil 
system and commercial oleic acid in rice bran oil system. 
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Figure 5. Average distribution coefficient (
ik ) at 303.15 K and 318.15 K of: 
 linoleic acid (●), DAG (−) and MAG (○) in the system composed of TAG soybean oil + 
DAG + MAG + linoleic acid + ethanol; 
 linoleic acid (■), DAG (◊) and MAG (□) in the system composed of TAG cottonseed oil + 
DAG + MAG + linoleic acid + ethanol; 
 oleic acid (▲), DAG (×), and MAG (Δ) in the system composed of TAG rice bran oil + DAG 




Phase equilibrium data for liquid-liquid systems containing TAG of refined oils 
(soybean, cottonseed and rice bran) + DAG + MAG + commercial fatty acids (linoleic and 
oleic) + anhydrous ethanol were measured in two temperatures (303.15 and 318.15 K). The 
low deviations obtained in the global mass balance indicate the good quality of the 
experimental data. The adjustment of the binary parameters of the NRTL model was 
representative to describe the liquid–liquid equilibrium of the systems studied, proven by the 
average deviation between the experimental and calculated values. The increase in 
temperature decreases the heterogeneous areas, and the free fatty acid concentrations increase 










                    303.15 K          318.15 K 
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the unity, showing that DAG prefers the oil phase, besides the distribution coefficients of 
MAG and fatty acids were greater than the unity, showing that these components prefer the 
solvent phase.  
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LIQUID-LIQUID EQUILIBRIUM DATA FOR SYSTEMS IMPORTANT 
IN BIODIESEL PRODUCTION, INVOLVING VEGETABLE OILS + ETHYL 
ESTERS + MONOACYLGLYCEROLS AND DIACYLGLYCEROLS + ANHYDROUS 
ETHANOL, AT 303.15 AND 318.15 K. 
 
 
"Reprinted from Fuel, 180, Shiozawa, S, Meirelles, AJA, Batista, EAC, Liquid-liquid 
equilibrium data for systems important in biodiesel production, involving vegetable oils + 
ethyl esters + monoacylglycerols + diacylglycerols + anhydrous ethanol, at 303.15 and 318.15 
K, 332-342, Copyright 2016, with permission from Elsevier.‖ 
 












In biodiesel production from vegetable oils, mono- and diacylglycerols are 
intermediate compounds of transesterification reaction of triacylglycerols with short chain 
alcohols, and may contaminate the final product, when the fatty ester conversion is not 
completely. Thus, this study aims to determine the liquid-liquid equilibrium data of systems 
important to biodiesel production, containing triacylglycerols (TAG) of refined oils (soybean, 
cottonseed and rice bran) + commercial mixture of fatty acid ethyl esters (linoleate and oleate) 
+ diacylglycerols (DAG) + monoacylglycerols (MAG) of commercial mixture of partial 
acylglycerols + anhydrous ethanol at (303.15 and 318.15 K). The High Performance Size 
Exclusion Chromatography (HPSEC) method was used for quantification of all components: 
TAG, DAG, MAG, fatty acid ethyl esters and ethanol in both phases in equilibrium. The 
preference of fatty acid ethyl esters and DAG for the oil phase is consistent with the reported 
data in literature. The mass fraction of MAG was greater in the solvent phase. The average 
deviation between experimental and calculated compositions, using NRTL model, was less 
than 0.60%. Using the original version of UNIFAC model with two different set of 
parameters, the deviations varied within the range of (4.25 to 11.45)%. 
 
1. Introduction 
Biodiesel is an energy fuel source comprised of mono-alkyl esters of long-chain 
fatty acids, used alternatively to the fossil diesel, which can be produced from renewable 
biological sources, as vegetable oils and animal fats. In the case of ethyl esters, biodiesel can 
be considered completely bio because ethanol is commonly derived from renewable resources 
such as corn and sugarcane [1]. The use of ethanol from sugarcane is promising in Brazil, due 
to the large ethanol production and availability in this country [2]. 
The most important raw material sources used for biodiesel production in Brazil 
are: soybean seeds (83.26%), followed by bovine fat (12.34%) and cottonseeds (2.17%) [3]. 
Mono- (MAG) and diacylglycerols (DAG) are natural components in various fats and oils, at 
levels up to 10% (w/w). While soybean oil contains 1% DAG, cottonseed and rice bran oils 
contain up to 9.5% and 7.6%, respectively, and approximately 0.2% MAG [4]. 
Some research groups have published experimental results of liquid-liquid 
equilibrium of biodiesel production from transesterification using vegetable oils, including 
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soybean oil [5,6]; canola oil [7,8]; sunflower oil [3,9]; and palm oil [10]. Some non-edible 
and under exploited vegetable oils have also been used in biodiesel production, such as Brazil 
nut oil [11], macauba pulp oil, crambe oil, and fodder radish oil [12]. 
The transesterification reaction typically follows three steps, in which alkyl esters, 
glycerol and other compounds are obtained by a chemical reaction between oil and alcohol. 
The reaction system is essentially biphasic at the beginning (oil/alcohol) and the end 
(esters/glycerol) of biodiesel production. Thus, the unconverted triacylglycerols, 
diacylglycerols, monoacylglycerols, glycerol, water, and other undesirable components may 
remain in the final product, leading to severe engine damages and loss of power [2,13]. 
Although the transesterification reaction is well known, there is a lack of 
knowledge of the phase composition during the reaction process of ethylic biodiesel, which 
can be solved by the measurement and modelling of phase equilibrium, including the steps of 
oil extraction, deacidification, transesterification reaction, and purification of biodiesel. These 
measurements should be carried out to properly optimise the operating conditions for 
economical and efficient ethylic biodiesel purification and alcohol recuperation processes [9]. 
Liquid-liquid equilibrium systems involving alkyl esters, ethanol and glycerol, 
which correspond to the end of the transesterification reaction, have been extensively 
published in the literature in recent years [7,10,12,14]. However, little information is found in 
literature about the initial stage of ethylic biodiesel production and the behavior of partial 
acylglycerols and ethyl esters in this kind of system (transesterification of vegetable oils and 
ethanol). Furthermore, considering the mono-, diacylglycerol and ethyl ester distribution in 
ethanolic and oil phases, a methodology to elucidate the phase composition and to study each 
component individually is needed. 
There are few reports in literature on LLE systems showing the first step of 
transesterification considering the mono-, diacylglycerol and ethyl ester distribution in 
ethanolic and oil phases [8,9,15]. Dagostin et al. [5] studied systems containing soybean oil, 
ethylic biodiesel from soybean oil, ethanol, and water to understand the liquid–liquid 
equilibria related to biodiesel production as quaternary systems when water is present in 
ethanol. To improve the liquid–liquid equilibrium (LLE) database, the LLE data of the 
systems containing triacylglycerols, diacylglycerols, monoacylglycerols, fatty acids, esters, 
ethanol and glycerol must be determined.  
Chromatographic techniques are commonly used to separate the acylglycerols, 
and the High Performance Size Exclusion Chromatography (HPSEC) stands out. The HPSEC 
technique is based on molar mass separation of compounds and well-applied in crude and 
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refined oil quality evaluation, in quantification and separation of mono-, di-, and 
triacylglycerols and free fatty acids [16]. Arzamendi et. al. [17] and Kittirattanapiboon and 
Krisnangkura [18] used the HPSEC technique to monitor the biodiesel production where the 
partial acylglycerols (DAG, MAG, and ethyl esters) were formed during the 
transesterification reaction.  
Thus, the main objective of this study was to determine the LLE experimental 
data related to the systems involved in biodiesel production from vegetable oils and the 
purification processes, with emphasis on partial acylglycerols and ethyl esters. In this study, 
LLE data were investigated for the systems composed of refined oil (soybean, cottonseed and 
rice bran) + commercial mixture of fatty acid ethyl esters (linoleate and oleate) + commercial 
mixture of partial acylglycerols + anhydrous ethanol, at different temperatures (303.15 and 
318.15 K) using High Performance Size Exclusion Chromatography (HPSEC) for 
quantification of the components in each phase. The LLE data set was used to adjust the 
NRTL model parameters and evaluate two different sets of UNIFAC parameters. 
 
 
2. Materials and methods 
2.1 Materials 
 Table 1 shows the solvents and the fatty acid components used in this study, 










Ethanol Merck (Germany) >0.995 
Acetic acid Merck(Germany) >0.998 
Toluene Sigma-Aldrich (USA) >0.999 
Commercial ethyl linoleate  Sigma-Aldrich (USA) >0.650
b
 
Commercial ethyl oleate Sigma-Aldrich (USA) >0.775
c
 
Commercial mixture of partial acylglycerols Danisco Brasil Ltd. (Brazil) >0.900
d
 
Refined soybean oil Cargill (Brazil) >0.999
e
 
Refined cottonseed oil Cargill (Brazil) >0.999
e
 




 As reported by the supplier. 
b
 Of ethyl linoleate. 
c
 Of ethyl oleate. 
d
 Of monoacylglycerols. 
e
 Of fatty compounds. 
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2.2 Experimental methods  
 Refined oils, commercial mixture of partial acylglycerols, and commercial 
mixtures of fatty acid ethyl esters were analyzed by gas chromatography, according to the 
official method Ce 1-62 of the American Oil Chemists' Society (AOCS) [19] to determine the 
fatty acid composition. Prior to the chromatographic analysis, the refined oils and the 
commercial mixture of partial acylglycerols were transesterified to fatty acid methyl esters, 
according to Hartman and Lago [20]. The chromatographic analysis was carried out using a 
capillary gas chromatography system according to the experimental conditions reported by 
Lanza et al. [21].  
 The probable triacylglycerol compositions of the refined oils were determined 
from the fatty acid composition, using the algorithm suggested by Antoniosi Filho et al. [22], 
and groups with a total triacylglycerol composition lower than 0.5% were ignored. The 
probable mono- and diacylglycerol compositions were also determined from the 
triacylglycerol composition, performing all possible combinations. 
 The mass fraction of DAG was determined for the refined oils and the 
commercial mixture of partial acylglycerols from the composition of a fatty compound 
expressed in mono-, di-, and triacylglycerols, as reported by Shiozawa et al. [15]. The HPLC 
method described by Shiozawa et al. [15] was used to analyze the amounts of mono-, di- and 
triacylglycerols in the refined oils and commercial mixture of partial acylglycerols, and the 
amount of ethyl esters in the commercial ethyl esters.  
 The free fatty acid contents of the refined oils were determined according to 
the official method 2201 of the International Union of Pure and Applied Chemistry [23] with 
Titrando 808 automatic titrator (Metrohm, Switzerland).  
 
2.3 Experimental Procedures 
 For each LLE experiment, the commercial mixture of partial acylglycerols, 
commercial mixture of ethyl ester (linoleate or oleate), anhydrous ethanol, and refined oil 
were weighed on an analytical balance with precision of ± 0.0001 g (Precisa, model XT220A, 
Sweden) in glass tubes (10 mL) (Perkin Elmer). The tubes were sealed and vortexed for 20 
minutes (Scientific Industries, model Vortex Genie 2, USA). The tubes were left at rest for a 
minimum of 36 h at constant temperature in a thermostatic bath (Cole Parmer, model 12101-
55, Chicago, USA) accurate to ± 0.1 K. The liquid-liquid equilibrium was reached through the 
formation of two clear and transparent phases with a well-defined interface.  
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 Equilibrium data for the systems containing refined soybean and cottonseed 
oils were measured at 303.15 K and 318.15 K using commercial mixture of ethyl linoleate and 
the commercial mixture of partial acylglycerols. The system containing refined rice bran oil 
was analyzed at the same temperatures using commercial mixture of ethyl oleate and the 
commercial mixture of partial acylglycerols. In both cases the uncertainty of the equilibrium 
temperature was not greater than 0.1 K. 
 After liquid-liquid equilibrium was reached, a well-defined interface was 
formed between the both liquid phases, with the upper layer corresponding to the solvent 
phase (SP) and the lower layer to the oil phase (OP). At this moment, samples of both phases 
were collected using syringes and diluted directly with toluene to guarantee an immediate 
dilution of the samples at ambient temperature (Figure 1). The composition of each sample 
was determined in a HPSEC chromatography according to the method described by Shiozawa 
et al. [15]. Each component was quantified using a different calibration curve (external 
calibration), with six concentration levels of the same components used in the equilibrium 
systems. 
 
Fig. 1. Schematic diagram of the liquid-liquid equilibrium experiments. A: thermostatic bath; 
B: water circulation; C: solvent phase; D: oil phase; E: distilled water; F: syringes for phases 
collection 
 
 The procedure developed by Marcilla et al. [24] and applied to fatty acid 
systems [25] was used to verify the quality of the results, in which values of the deviations of 
the global mass balances less than 0.5% ensure the good quality of the experimental data. The 
global mass balance deviation is the difference between the sum of the calculated masses of 
both liquid phases with the actual value for total mass used in the experiment. 
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2.4 Thermodynamic Modeling  
2.4.1 NRTL modeling approach 
The experimental data were used to adjust the NRTL model parameters, by 
treating the systems as pseudoquinary model system composed by triacylglycerols (TAG), 
diacylglycerols (DAG), monoacylglycerols (MAG), ethyl esters, and ethanol. In the NRTL 







































































jiij    (4) 
 
ijA (K) and ij  are the adjustable binary parameters between the pair of 
components i  and j , K  is the number of components, T  is the equilibrium temperature (K), 
and M  represents the average molar mass of the pseudocomponent. 
The NRTL parameters were estimated by minimizing the objective function of 









































































where D  is the total number of data groups, N  the total number of tie lines in the 
data group, K  is the total number of components in the data group, w  is the mass fraction, 
subscripts i , n  and m  are the component, the tie line, and group number, respectively, and 
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the superscripts SP  and OP  stand for the solvent and oil phases, respectively; exp  and calc  
refer to experimental and calculated compositions. SP
mniw ,,
  and OP
mniw ,,
  are the standard 
deviations observed in the compositions of the two liquid phases. 
The average deviations between experimental and calculated compositions in both 
phases were calculated according to equation 6: 
 































2.4.2 UNIFAC modeling approach 
The UNIFAC thermodynamic model was also used to predict the data of the 
systems. The following structural groups were selected to represent the systems studied: 
―CH3‖, ―CH2‖, ―CH‖, ―CH=CH‖, ―CH2COO‖, and ―OH‖. Two sets of UNIFAC binary 
interaction parameters were used to test the prediction capability for these liquid-liquid 
equilibrium data: UNIFAC-LLE and UNIFAC-HIR.  
The first set of UNIFAC parameters for LLE, UNIFAC-LLE, was presented by 
Magnussen et al. [27] and the other set, UNIFAC-HIR, is the modified UNIFAC-LLE 
parameters, ajusted by using several real multicomponent data for vegetable oil 
deacidification [28]. 
All individual components: mono-, di- and triacylglycerols, ethyl esters and 
ethanol were considered for UNIFAC modelling calculations. 
 
3. Results and Discussion 
3.1 Experimental 
The free fatty acids contents of refined soybean oil and cottonseed oil expressed 
as linoleic acid were 0.11% and 0.09%, by mass, respectively, and the free fatty acids content 
of refined rice bran oil expressed as oleic acid was 0.21%. 
The fatty acid compositions of both the commercial mixture of partial 
acylglycerols and refined oils, and the fatty acid ethyl ester compositions of the commercial 
mixtures of ethyl esters are presented in Table 2. The commercial ethyl linoleate and ethyl 
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oleate were composed only by ethyl esters and the average molar masses were calculated 
from their respectively fatty acid ethyl ester compositions (Table 2), with values of 306.79 
1molg and 306.04 1molg , respectively. 
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Table 2 
Fatty acid compositions of vegetable oils and commercial mixture of partial acylglycerols and fatty acid ethyl ester compositions of commercial 
ethyl esters. 
   Oils 

















Fatty Acid/Fatty Acid Ethyl Ester Symbol Cx:y
b
 100 w 100 w 100 w 100 w 100 w 100 w 
Dodecanoic L C12:0 0.19 0.21 ― 0.04 ― 2.54 
Tetradecanoic M C14:0 0.06 0.67 0.28 0.10 0.11 0.29 
Hexadecanoic P C16:0 10.82 22.75 19.79 11.42 7.98 4.62 
cis-hexadec-9-enoic Po C16:1 0.06 0.43 0.15 0.08 0.10 ― 
Octadecanoic S C18:0 3.93 2.26 1.83 5.00 2.27 1.84 
cis-octadec-9-enoic O C18:1 24.38 17.18 39.73 24.19 12.61 78.08 
cis,cis-octadeca-9,12-dienoic Li C18:2 52.81 55.90 34.66 51.88 76.38 11.93 
trans,trans-octadeca-9,12-dienoic 
a
  C18:2T 0.44 ― ― 0.90 ― ― 
all-cis-octadeca-9,12,15-trienoic Le C18:3 6.43 0.15 1.95 5.52 0.20 ― 
all-trans-octadeca-9,12,15-trienoic 
a
  C18:3 ― 0,17 ― ― ― ― 
Icosanoic A C20:0 0.33 0.24 0.77 0.34 0.07 0.08 
cis-icos-9-enoic Ga C20:1 0.19 0.06 0.53 0.16 0.19 0.08 
Henecoisanoic He C21:0 ― 0.06 ― ― ― ― 
Docosanoic Be C22:0 0.36 0.09 0.31 0.37 0.09 0.13 
cis-docos-13-enóico E C22:1 ― ― ― ― ― 0.41 
a
 Trans isomers. 
b
 Cx:y, x = number of carbon and y = number of double bonds. Symbol (─) indicates the fatty acid or fatty acid ethyl ester was 
not detected. 
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As reported in the previous section, the diacylglycerol composition of both the 
refined oils and commercial mixture of partial acylglycerols was quantified. The HPLC 
results showed that TAG and DAG were only detected in the refined oils, and DAG and 
MAG in the commercial mixture of partial acylglycerols. Thus, the TAG composition of the 
oils was calculated by difference, as well as the MAG composition of the commercial mixture 
of partial acylglycerols. Table 3 presents the mass percentage composition of oils and 
commercial mixture of partial acylglycerols expressed in mono-, di- and triacylglycerols. 
 
Table 3 




 100 w 100 w 100 w 
Soybean oil 99.18 0.82 ― 
Cottonseed oil 98.35 1.65 ― 
Rice bran oil 95.96 4.04 ― 
Commercial mixture of partial 
acylglycerols 
― 1.56 98.44 
Symbol (─) indicates the acylclycerol was not detected. 
 
Table 4 presents the probable tri- and diacylglycerol compositions of soybean, 
cottonseed, rice bran oils, and the probable mono- and diacylglycerol compositions of 
commercial mixture of partial acylglycerols. Thus, the average molar masses of TAG and 
DAG for the vegetable oils and the average molar masses of DAG and MAG for the 
commercial mixure of partial acylglycerols were calculated. 
 
Table 4 
Probable tri-, di- and monoacylglycerol composition of vegetable oils and commercial 
mixture of partial acylglycerols. 















 -1molg   100 w 100 w 100 w 100 w 
PPP 48:0 807.33 ― ― 1.00 ― 
MLiP 48:2 803.30 ― 0.74 ― ― 
POP 50:1 833.37 0.95 3.20 5.48 1.09 
PLiP 50:2 831.35 2.12 10.62 5.05 2.43 
MLiO 50:3 829.34 ― 0.96 ― ― 
PPLe 50:3 829.34 ― ― 0.62 ― 
LiLiM 50:4 827.32 ― 0.83 ― ― 
POS 52:1 861.42 0.63 0.58 0.98 0.86 
OOP 52:2 859.41 3.66 4.20 10.78 4.18 
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POLi 52:3 857.39 10.27 15.34 17.63 10.32 
LiLiP 52:4 855.38 12.36 25.28 8.81 12.23 
PLiLe 52:5 853.36 2.76 ― 0.94 2.42 
LiLiPo 52:5 853.36 ― 0.52 ― ― 
OOS 54:2 887.46 1.11 ― 1.42 1.43 
OOO 54:3 885.44 ― ― 7.74 ― 
SLiO 54:3 885.44 4.80 1.85 ― 5.48 
OOLi 54:4 883.43 13.19 6.51 16.67 13.9 
LiLiO 54:5 881.41 22.12 14.01 14.97 21.89 
LiLiLi 54:6 879.40 19.70 15.35 5.69 18.92 
LiLiLe 54:7 877.38 5.68 ― 0.74 4.85 
LeLeLi 54:8 875.37 0.65 ― ― ― 
OLiA 56:3 913.50 ― ― 0.81 ― 
LiLiA 56:4 911.48 ― ― 0.66 ― 
  TAGM  872.37 861.47 866.87 872.25 
DAG       
MP 30:0 540.86 ― 0.25 ― ― 
PP 32:0 568.91 1.02 4.61 4.72 1.12 
MO 32:1 566.90 ― 0.32 ― ― 
MLi 32:2 564.88 ― 1.12 ― ― 
PS 34:0 596.96 0.21 0.19 0.33 0.29 
PO 34:1 594.95 6.71 10.24 17.04 7.11 
PLi 34:2 592.93 14.00 29.30 15.43 13.72 
PLe 34:3 590.91 0.92 ― 0.73 0.79 
PoLi 34:3 590.91 ― 0.35 ― ― 
SO 36:1 623.00 2.55 0.81 1.27 3.11 
SLi 36:2 620.99 1.60 0.62 ― 1.85 
OO 36:2 620.99 5.99 3.57 17.36 6.55 
OLi 36:3 618.97 28.56 19.73 27.24 29.36 
LiLi 36:4 616.95 33.09 ― 14.09 32.06 
LiLe 36:5 614.94 5.14 ― 0.81 4.04 
LeLe 36:6 612.92 0.22 28.90 ― ― 
OA 38:1 651.05 ― ― 0.27 ― 
LiA 38:2 649.04 ― ― 0.71 ― 
  DAGM  612.27 605.17 608.62 612.33 
MAG       
P 16:0 330.50 ― ― ― 12.07 
Po 16:1 328.49 ― ― ― ― 
S 18:0 358.56 ― ― ― 2.62 
O 18:1 356.54 ― ― ― 56.55 
Li 18:2 354.52 ― ― ― 26.34 
Le 18:3 352,51 ― ― ― 2.41 
  MAGM  ― ― ― 352.21 
a
Groups with a total triacylglycerol (TAG) composition lower than 0.5% were ignored. 
b
x:y, x 
=number of carbons (except carbons of glycerol); y = number of double bonds. 
c
M = molar 
mass. Symbol (─) indicates the acylglycerol was not detected. 
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The overall and the corresponding liquid-liquid phase compositions, in mass 
percentage for the pseudoquinary systems, at 303.15 and 318.15 K, are presented in Tables 5, 
6 and 7. The deviations of the global mass balance for all systems studied varied within the 
range from 0.01% to 0.42%, ensuring the quality of experimental data. 
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Table 5 
Experimental liquid–liquid equilibrium dataa for the system TAG soybean oil (1) + DAG soybean oil (2) + MAG (3) + commercial ethyl 
linoleate (4) + anhydrous ethanol (5) in mass percentage at 303.15 K and 318.15 K. 
T (K) Overall composition  Oil phase  Solvent phase 
 
100 w1 100 w2 100 w3 100 w4 100 w5 w 100 w1 100 w2 100 w3 100 w4 100 w5 w 100 w1 100 w2 100 w3 100 w4 100 w5 
303.15 47.03 0.46 4.86 0.00 47.65  74.60 0.52 3.04 0.00 21.84  11.07 0.43 6.67 0.00 81.83 
 
45.02 0.45 5.07 1.92 47.53  70.46 0.46 3.24 2.32 23.52  12.86 0.42 6.93 1.47 78.32 
 
43.16 0.43 4.88 3.82 47.71  66.63 0.43 3.30 4.44 25.20  13.50 0.42 6.33 2.84 76.91 
 
42.13 0.43 5.02 5.16 47.26  62.66 0.47 3.52 5.88 27.47  15.23 0.43 6.39 3.95 74.00 
 
41.14 0.42 4.89 5.88 47.68  61.33 0.42 3.48 6.73 28.04  16.17 0.41 6.14 4.64 72.64 
318.15 47.63 0.47 5.00 0.00 46.90  71.23 0.48 3.28 0.00 25.01  13.47 0.40 6.86 0.00 79.27 
 
45.66 0.45 4.77 1.90 47.22  68.04 0.50 4.05 2.14 25.27  13.03 0.42 6.40 1.34 78.81 
 
43.61 0.43 4.78 4.12 47.05  61.95 0.50 3.48 4.54 29.53  17.75 0.38 6.17 3.28 72.42 
 
41.64 0.42 4.85 5.92 47.17  56.43 0.44 3.77 6.38 32.98  21.10 0.38 5.77 4.85 67.90 
 
39.72 0.40 4.87 7.92 47.09  49.53 0.44 4.11 8.27 37.65  26.49 0.37 5.40 6.96 60.78 
a
The standard uncertainty for the temperature u(T) is 0.1 K, and the standard uncertainty (type A) for the mass fractions u(w) is 0.27%.
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Table 6 
Experimental liquid–liquid equilibrium dataa for the system TAG cottonseed oil (6) + DAG cottonseed oil (7) + MAG (3) + commercial ethyl 
linoleate (4) + anhydrous ethanol (5) in mass percentage at 303.15 Kand 318.15 K. 
T (K) Overall composition w Oil phase  Solvent phase 
 
100 w6 100 w7 100 w3 100 w4 100 w5  100 w6 100 w7 100 w3 100 w4 100 w5 w 100 w6 100 w7 100 w3 100 w4 100 w5 
303.15 47.62 0.88 4.92 0.00 46.58  71.78 1.03 3.20 0.00 23.99  13.32 0.82 6.52 0.00 79.34 
 
45.78 0.85 4.92 1.95 46.49  67.36 0.91 3.43 2.22 26.08  14.93 0.77 6.41 1.44 76.45 
 
43.70 0.81 4.86 4.02 46.61  63.27 0.85 3.44 4.51 27.93  16.56 0.79 6.22 3.11 73.32 
 
42.78 0.80 4.82 5.10 46.50  59.49 0.87 3.57 5.60 30.47  18.17 0.82 6.01 4.04 70.96 
318.15 47.61 0.88 4.95 0.00 46.56  66.81 0.95 3.52 0.00 28.72  17.15 0.82 6.42 0.00 75.61 
 
46.63 0.86 4.91 1.06 46.53  65.64 0.93 3.69 1.21 28.53  16.69 0.88 6.22 0.73 75.48 
 
45.60 0.84 4.89 2.05 46.61  64.65 0.86 3.44 2.32 28.73  16.23 0.82 6.30 1.62 75.03 
 
44.75 0.83 4.87 2.82 46.73  61.25 0.85 3.65 3.08 31.17  17.6 0.83 6.07 2.19 73.31 
  43.70 0.81 4.80 4.02 46.67  57.51 0.80 3.73 4.35 33.61  17.02 0.72 6.11 3.15 73.00 
a
The standard uncertainty for the temperature u(T) is 0.1 K, and the standard uncertainty (type A) for the mass fractions u(w) is 0.29%.
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Table 7 
Experimental liquid–liquid equilibrium dataa for the system TAG rice bran oil (8) + DAG rice bran oil (9) + MAG (3) + commercial ethyl oleate 
(10) + anhydrous ethanol (5) in mass percentage at 303.15 Kand 318.15 K. 
T (K) Overall composition w Oil phase  Solvent phase 
 
100 w8 100 w9 100 w3 100 w10 100 w5  100 w8 100 w9 100 w3 100 w10 100 w5 w 100 w8 100 w9 100 w3 100 w10 100 w5 
303.15 46.46 2.03 4.95 0.00 46.56  72.99 2.58 3.17 0.00 21.26  11.48 1.17 7.38 0.00 79.97 
 
44.51 1.95 4.93 2.10 46.50  69.82 2.71 3.33 2.47 21.67  11.95 1.18 6.97 1.61 78.29 
 
42.45 1.87 5.14 4.17 46.37  65.94 2.43 3.45 4.87 23.31  14.01 1.13 7.13 3.26 74.47 
 
41.66 1.83 4.96 4.95 46.59  64.18 2.26 3.48 5.78 24.30  14.22 1.16 6.83 3.91 73.88 
 
40.71 1.79 4.87 5.84 46.79  62.98 2.25 3.35 6.86 24.56  15.43 1.16 6.64 4.79 71.98 
 
39.72 1.75 4.94 7.04 46.55  57.84 2.17 3.66 7.88 28.45  16.68 1.20 6.41 5.64 70.07 
318.15 46.52 2.04 4.92 0.00 46.52  68.73 2.58 3.59 0.00 25.10  16.69 1.31 7.13 0.00 74.87 
 
45.59 2.00 4.84 1.06 46.51  67.61 2.64 3.38 1.17 25.56  15.88 1.29 6.93 0.84 75.06 
 
44.53 1.95 4.86 2.18 46.48  64.03 2.46 3.62 2.43 27.46  17.81 1.33 6.74 1.78 72.34 
 
43.66 1.91 4.82 3.39 46.22  62.03 2.45 3.58 3.77 28.04  19.02 1.35 6.56 2.82 70.24 
 
42.59 1.87 5.12 4.02 46.40  59.31 2.27 4.06 4.46 29.72  18.83 1.33 6.84 3.40 69.60 
  42.16 1.85 5.00 4.62 46.37  59.46 2.00 3.75 5.07 29.72  18.57 1.36 6.84 3.85 69.38 
a
The standard uncertainty for the temperature u(T) is 0.1 K, and the standard uncertainty (type A) for the mass fractions u(w) is 0.28%. 
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3.2 Thermodynamic modeling 
All systems evaluated in the present study are composed by the following 
components: refined oil, commercial mixture of partial acylglycerols, commercial mixture of 
ethyl ester and anhydrous ethanol. As TAG comes only from the oils, MAG from the 
commercial mixture of partial acylglycerols, ethyl esters from commercial mixtures of ethyl 
esters, and, once DAG is derived from oil and also from the commercial mixture of partial 
acylglycerols (Table 3), the following notations were used to represent the components of the 
systems for the NRTL thermodynamic modeling: TAG soybean oil (1), DAG soybean oil (2), 
MAG (3), commercial ethyl linoleate (4), anhydrous ethanol (5), TAG cottonseed oil (6), 
DAG cottonseed oil (7), TAG rice bran oil (8), DAG rice bran oil (9), and commercial ethyl 
oleate (10), with TAG, DAG, and MAG corresponding to the triacylglycerols, 
diacylglycerols, and monoacylglycerols, respectively.  
As aforementioned for the NRTL thermodynamic modeling, it is necessary to 
calculate the average molar masses of the pseudocomponents. For each system, the 
pseudocomponent DAG is derived from oil and from commercial mixture of partial 
acylglycerols. As observed in Table 4, as the average molar masses of DAG from both the 
refined oil and commercial mixture are not the same, the average molar masses of DAG were 
calculated for each experimental overall composition, considering the DAG from both 
sources. The average molar masses of DAG in the overall composition were very close to the 
molar mass of DAG of the respective refined oil. Thus, the average molar mass of DAG used 
in the thermodynamic modeling were the respective average molar masses of DAG from oils. 
As TAG comes only from the oils and the MAG from the commercial mixture of partial 
acylglycerols, their average molar masses are the same presented in Table 4.  
Table 8 presents the adjusted NRTL parameters, and Table 9 shows the average 
deviations between the experimental and the calculated compositions (equation 6) for each 
system. Some NRTL parameters presented high values, which represent strong interaction 
between species i and j. If they are readjusted to lower values, the average deviations between 
experimental and calculated compositions (equation 6) increase, and the minority component 
behavior cannot be described, resulting in a wrong composition of these components in both 
liquid phases. 
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Table 8 
NRTL parameters for the binary interactions between TAG soybean oil (1), DAG soybean oil (2), MAG (3), commercial ethyl linoleate (4), 
anhydrous ethanol (5), TAG cottonseed oil (6), DAG cottonseed oil (7), TAG rice bran oil (8), DAG rice bran oil (9), and commercial ethyl 
oleate (10). 
T = 303.15 K 
Pair       /K    /K     
T = 318.15 K 
Pair       /K    /K     
12 9624.60 -386.47 0.2621 12 5289.00 -417.76 0.2399 
13 288.05 -104.51 0.1048 13 269.09 -83.87 0.1010 
14 759.63 -172.88 0.5700 14 1471.60 -146.78 0.5691 
15 -166.03 1525.40 0.4652 15 -146.13 1535.00 0.4955 
23 4.08 -3188.40 0.3896 23 5.62 -7094.00 0.1001 
24 -161.43 -63.80 0.1002 24 -166.53 -82.24 0.1000 
25 -1170.40 758.86 0.2245 25 -1164.90 610.33 0.3196 
34 242.46 22.24 0.4093 34 411.84 93.18 0.1001 
35 -569.59 -18.17 0.1055 35 -665.24 -49.85 0.1000 
36 5003.10 32.37 0.5700 36 5005.00 50.80 0.3000 
37 -3257.80 -5399.10 0.1000 37 -3257.80 -5399.10 0.1000 
38 -743.85 409.87 0.1373 38 -881.75 472.57 0.1742 
39 -1197.00 -613.88 0.5700 39 -1513.70 -613.88 0.1000 
310 1256.90 -18.08 0.5700 310 1256.90 -11.68 0.4104 
45 2080.20 -27519.00 0.1174 45 1886.00 -28000.00 0.1516 
46 -1786.40 -173.49 0.4340 46 -1786.40 -173.49 0.4340 
47 -161.43 21.80 0.1000 47 -163.00 -118.27 0.3148 
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56 -209.10 1470.50 0.4832 56 -471.64 1789.80 0.3872 
57 438.31 344.65 0.2125 57 438.31 344.65 0.2125 
58 14524.00 1351.50 0.5525 58 2542.20 1302.30 0.6039 
59 -8.31 -66.31 0.5700 59 -22.64 -158.58 0.2429 
 510 4278.10 -57.90 0.4128  510 8546.70 -93.81 0.1097 
 67 -316.50 188.32 0.3295  67 -1012.70 699.03 0.3295 
 89 -1424.50 -195.71 0.1262  89 -1098.30 -296.35 0.1952 
 810 -791.66 -107.24 0.4750  810 -932.53 -0.44 0.5700 
 910 -635.63 -2385.00 0.1762  910 -616.10 -932.53 0.2104 
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Table 9 
Average deviations between experimental and NRTL calculated phase compositions. 
System T (K)    ( ) 
TAG soybean oil (1) + DAG soybean oil (2) + MAG (3) + anhydrous ethanol (5) 
303.15 0.19 
318.15 0.71 






TAG cottonseed oil (6) + DAG cottonseed oil (7) + MAG (3) + anhydrous ethanol (5) 
303.15 0.22 
318.15 0.47 






TAG rice bran oil (8) + DAG rice bran oil (9) + MAG (3) + anhydrous ethanol (5) 
303.15 0.50 
318.15 0.11 






Capítulo 4 Artigo publicado Fuel 2016              99 
 
As shown in Figs. 2 to 4 and Table 9, a good alignment can be observed among 
phase compositions and overall composition, and the corresponding low average deviations 
between experimental and calculated compositions for all systems, which ranged from 0.11% 
to 0.71%, demonstrating that the NRTL model was able to accurately describe the LLE 
behavior of the systems. The use of NRTL model in systems involving ethylic biodiesel, 
ethanol, glycerol, and water [6,10,12], as well as in Brazil nut methylic biodiesel, methanol 
and glycerol systems [11], presented good correlation with the experimental equilibrium data. 
However, Carmo et al. [29] studied different methylic biodiesel, methanol and glycerol 
systems, and concluded that the NRTL model showed less accurate LLE description when 
compared to other models.  
 
Fig. 2. TAG soybean oil (1) + DAG soybean oil (2) + MAG commercial mixture of partial 
acylglycerols (3) + commercial ethyl linoleate (4) + anydrous ethanol (5). (a) a 303,15 K; (b) 



























































Fig. 3. TAG cottonseed oil (6) + DAG cottonseed oil (7) + MAG commercial mixture of 
partial acylglycerols (3) + commercial ethyl linoleate (4) + anhydrous ethanol (5). (a) at 




Fig. 4. TAG rice bran oil (8) + DAG rice bran oil (9) + MAG commercial mixture of partial 
acylglycerols (3) + commercial ethyl oleate (10) + anhydrous ethanol (5). (a) at 303.15 K; (b) 
at 318.15 K: (■) experimental; (---) NRTL model. 
 
All tri- and diacylglycerols from vegetable oils, all di- and monoacylglycerols 
from the commercial mixture of partial acylglycerol, and all ethyl esters from the commercial 
ethyl linoleate and ethyl oleate were considered in the UNIFAC model, thus, the compositions 
of the input materials were employed as precisely as possible, and 59 different components 




































































































Capítulo 4 Artigo publicado Fuel 2016              101 
 
commercial mixture of partial acylglycerols, the notations used to represent the components in 
the NRTL thermodynamic modeling were maintained. 
Table 10 presents the average deviations between the experimental and the 
calculated compositions by UNIFAC, for each system. Other authors studying similar systems 
[8,9,12] have also found that the UNIFAC model cannot predict well the liquid-liquid 
equilibrium for these systems, as seen in Figs. 5 to 7. However, Carmo et al. [29] concluded 
that the UNIFAC model was one of the best model to represent LLE biodiesel systems.  
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Table 10 
Average deviations between experimental and predicted by UNIFAC models.  
     ( ) 





TAG soybean oil (1) + DAG soybean oil (2) + MAG (3) + commercial ethyl linoleate (4) + 
anhydrous ethanol (5) 
303.15 5.25 8.72 
TAG soybean oil (1) + DAG soybean oil (2) + MAG (3) + commercial ethyl linoleate (4) + 
anhydrous ethanol (5) 
318.15 6.52 11.45 
TAG cottonseed oil (6) + DAG cottonseed oil (7) + MAG (3) + commercial ethyl linoleate (4) + 
anhydrous ethanol (5) 
303.15 5.19 8.64 
TAG cottonseed oil (6) + DAG cottonseed oil (7) + MAG (3) + commercial ethyl linoleate (4) + 
anhydrous ethanol (5) 
318.15 5.33 10.48 
TAG rice bran oil (8) + DAG rice bran oil (9) + MAG (3) + commercial ethyl oleate (10) + 
anhydrous ethanol (5) 303.15 4.43 8.86 
TAG rice bran oil (8) + DAG rice bran oil (9) + MAG (3) + commercial ethyl oleate (10) + 
anhydrous ethanol (5) 318.15 4.25 10.76 




Fig. 5. TAG soybean oil (1) + DAG soybean oil (2) + MAG commercial mixture of partial 
acylglycerols (3) + commercial ethyl linoleate (4) + anydrous ethanol (5). (a) a 303,15 K; (b) 





Fig. 6. TAG cottonseed oil (6) + DAG cottonseed oil (7) + MAG commercial mixture of 
partial acylglycerols (3) + commercial ethyl linoleate (4) + anhydrous ethanol (5). (a) at 
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Fig. 7. TAG rice bran oil (8) + DAG rice bran oil (9) + MAG commercial mixture of partial 
acylglycerols (3) + commercial ethyl oleate (10) + anhydrous ethanol (5). (a) at 303.15 K; (b) 
at 318.15 K: (■) experimental; (---) UNIFAC-HIR model; (∙∙∙) UNIFAC-LLE model 
 
The results show that predicted data estimated by the two UNIFAC parameter sets 
(UNIFAC-LLE and UNIFAC-HIR) are not consistent with the experimental data, due to the 
underestimation of ethanol and MAG in the oil phase and the overestimation of them in the 
alcoholic phase. The prediction of ethyl ester in both phases with UNIFAC-HIR parameter set 
is better when compared to the UNIFAC-LLE parameter set. The DAG mass fraction 
predicted using UNIFAC-HIR parameter set showed DAG preference for the alcoholic phase, 
which is the opposite of the experimental results. Similar results were also observed by Bessa 
et al. [9] and Ferreira et al. [8] which studied systems containning partial acylglycerols and 
triacylglycerols. The worst results demonstrated by the highest average deviations between 
experimental and predicted data were expected and obtained when using UNIFAC-LLE 
parameter set, probably due to Magnussen et al. [27] did not include data involving 
acylglycerols to adjust these parameters.  
However, the deviation values between experimental and predicted results 
decreased in a half when the UNIFAC-HIR parameter set was used, probably due to the 
parameters presented by Hirata et al. [28] were obtained from systems containing 
triacylglycerols, free fatty acids, and ethanol, which are part of the components of the systems 
in this study, improving the prediction of the equilibrium data, when compared to UNIFAC-
LLE.  
Fig. 8 presents the distribution diagrams for the three systems at 303.15 K (a) and 
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has a slightly preference to the solvent phase when compared to the ethyl ester behavior in the 
other two systems. In Fig. 8 (b), there is a rather small difference among the distribution of 
ethyl esters in the different systems. Thus, the behaviour of ethyl esters at 303.15 K and 
318.15 K is almost the same, regardless the system, and the affinity of the ethyl esters to the 
oil phase decrease with the increase in temperature. 





Fig. 8. Distribution diagram of ethyl esters at (a) 303.15 K and (b) 318.15 K 
commercial ethyl linoleate in soybean oil systems: ○, experimental; —, NRTL 
commercial ethyl linoleate in cottonseed oil systems:: ■, experimental; ---, NRTL 
commercial ethyl oleate in rice bran oil systems: ▲, experimental; ···, NRTL model. 
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The behavior of minority compounds in the phases was also observed, which is 













iw  corresponds to the content of each commercial ethyl esters, DAG or 
MAG in the solvent phase and 
OP
iw  corresponds to the content of each commercial ethyl 
esters, DAG or MAG in the oil phase.  
The distribution coefficients of ethyl esters (Fig. 9) were lower than the unity, 
showing the ethyl esters preference for the oil phase, being an important information at the 
beginning of transesterification reaction between TAG and ethanol, which is essentially 
biphasic or a liquid-liquid system in biofuel production. Similar behaviour was observed by 
some authors [5, 8, 9]. The distribution coefficients of DAG (Fig. 9) were smaller than the 
unity, indicating the preference of DAG for the oil phase. In addition, as observed in Fig. 9 
and Tables 5 and 6, the DAG concentration was slightly higher in the oil phase for the 
systems containing refined soybean oil and cottonseed oil. For the system with refined rice 
bran oil, the DAG concentration was almost twice higher in the oil phase (Table 7), with 
distribution coefficient values close to 0.5, as also reported by Shiozawa et al. [15] in LLE 
data of oil deacidification systems. As shown in Fig. 9, a MAG preference for the solvent 
phase was observed, which was about two times more concentrated in that phase, with 
distribution coefficients values close to 2. 
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Fig. 9. Average distribution coefficient (
ik ) at 303.15 K and 318.15 K of: 
 ethyl linoleate (◊), DAG () and MAG (▲) in the system composed of TAG soybean oil + DAG + MAG + ethyl linoleate + ethanol; 
 ethyl linoleate (□), DAG (×) and MAG (○) in the system composed of TAG cottonseed oil + DAG + MAG + ethyl linoleate + ethanol; 







303.15 K                                                                     318.15 K
 k
i
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4. Conclusions 
The low deviations obtained in the global mass balance indicate the good quality 
of the experimental data. The adjustment of the binary parameters of the NRTL model was 
representative to describe the liquid–liquid equilibrium of the systems studied, evidenced by 
the average deviation between the experimental and calculated values. On the other hand. the 
LLE prediction using two UNIFAC parameter sets resulted in higher deviations values, which 
can motivate further studies to improve the model by adjusting a specific set of parameters, 
considering partial acylglycerols and ethylic esters. The distribution coefficients of ethyl 
esters and DAG were smaller than unity, showing the preference of these components for the 
oil phase. In contrast, the distribution coefficients of MAG were higher than unity, thus 
demonstrating the preference of these components for the solvent phase. The present results 
can assist to describe the real behavior of the transesterification system involved in biodiesel 
production process and, consequently, its optimization. 
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ABSTRACT  
Researches on renewable fuels, such as biodiesel, have been done due to the 
global concern about the shortage of non-renewable natural energy resources. The 
transesterification reaction of vegetable oils with short chain alcohols, to produce biodiesel, 
forms intermediate compounds including fatty acids, mono- (MAG) and diacylglycerols 
(DAG). Thus, in order to understand the first stage of a transesterification system during 
biodiesel production, this study reports experimental results and the thermodynamic modeling 
of the liquid-liquid equilibrium (LLE) of systems composed by refined oil + commercial 
mixture of mono- and diacylglycerols + fatty acids + ethyl esters + anhydrous ethanol at 
(303.15 K and 318.15) K. The LLE experimental data were used to estimate NRTL 
parameters and to evaluate the UNIFAC model. Experimental results were well correlated 
using NRTL (maximum deviation value 0.32 %). The UNIFAC model did not provide the 
same precision (deviations between predicted and experimental data varied within the range 
of (1.04 to 9.46) %. The affinity of fatty acids and MAG to solvent phase and of ethyl esters 
and DAG to oil phase is consistent to previously reported data in literature. This opposite 
behavior of the different fatty components can be related to the number and type of polar 
groups. These new LLE experimental measurements, considering the partial acylglycerols, 
free fatty acids, besides the ethyl esters, can assist to describe the real behavior of the 
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transesterification system involved in biodiesel production process and, consequently, its 
optimization. 
 
Keywords: Liquid-liquid equilibrium, ethanolic biodiesel, acylglycerols, fatty 
acids, NRTL, UNIFAC 
 
1. Introduction 
The increase in world energy demand has caused the shortage of non-renewable 
natural resources, and if the current consumption rate is maintained, fossil fuel will soon be 
depleted [1]. This issue has led many researches on renewable fuels, such as biodiesel, 
because its non-toxicity, biodegradability, inherent lubricity, and also contributes to the 
reduction of most regulated exhaust emissions [2]. 
The use of biodiesel blended with petroleum diesel is mandatory in Brazil and 
increasing amounts of biodiesel blended with petroleum diesel will be required with time. 
Currently, Brazil is using B7 diesel, which means that 7 vol.% of biodiesel is blended with 
petroleum diesel. Due to the large territory of Brazil, there are some important raw material 
sources used for the biodiesel production, such as soybean oil and, also, bovine fat that are the 
major part of the sources; cottonseed and palm oils, residual frying oil and other fatty 
materials [3]. 
Brazil exports most of the soybean seeds to be used mainly as animal feed, with 
the oil being less economically valuable for exportation [4]. A major problem with soybeans 
as a crop used for biodiesel production is its low seed oil content (i.e., only 18 %) if compared 
to others oil seeds [5]. Nevertheless, as mentioned, the soybean oil is the main raw material 
used in the biodiesel fuel production in Brazil, since it is basically produced throughout all the 
Brazilian territory [6]. Moreover, soybean oil has a low content of free fatty acids (FFA), and 
consequently of partial acylglycerols, the mono- (MAG) and diacylglycerols (DAG); which 
promotes a greater yield during biodiesel production. 
Cottonseed was chosen as a candidate for biodiesel production because of its low 
price. Nowadays, cottonseed oil is the third feedstock for biodiesel production in Brazil [5]; 
however, its content in DAG can achieve 9.5 %, and 0.2 % in MAG [7]. 
The rice bran oil is considered the main resource among the non-conventional oils 
investigated for biodiesel production. In the USA is about 40 % cheaper than the refined 
vegetable oils, while in other places, where there is less trade of rice bran, the price may even 
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be lower because the bran is normally considered as an agricultural waste. As in the 
cottonseed oil, the content of partial acylglycerols in the rice bran oil is also high, varying 
between 7 % to 14 % [8]. Besides that, the FFA composition of crude rice bran oil may reach 
as much as 80%, depending on the storing age and condition of the rice bran. 
Biodiesel is defined as a fuel comprised of the mono-alkyl ester of long chain 
fatty acids derived from vegetable oils or animal fats [9]. The transesterification is the main 
process to convert fatty compounds into mono-alkyl ester of long chain fatty acids. The 
biodiesel produced from vegetable oils and ethanol, both derived from renewable resources, 
will be a mixture of fatty acid ethyl esters (FAEE), and this ethanolic biodiesel have 
becoming popular as an alternative energy resource, especially in Brazil. The use of ethanol 
from sugarcane is promising in Brazil, due to the large ethanol production and availability in 
this country [5].  
During the transesterification process, MAG and DAG, unreacted triacylglycerols 
as well as unseparated glycerol, FFA, residual alcohol, and catalyst can remain in the final 
biodiesel product. These contaminants can lead to severe operational problems, including 
engine deposits, filter clogging, or fuel deterioration [2]. In the conventional biodiesel 
production process (alkali transesterification), the lowest content of FFA is required for an 
effective reaction [10].  
The reaction system is essentially biphasic at the beginning (oil/alcohol) and at the 
end (esters/glycerol) of biodiesel production. Liquid-liquid equilibrium systems involving 
alkyl esters, methanol or ethanol and glycerol, which correspond to the end of the 
transesterification reaction, have been published in the literature in recent years [11-14]. 
Some information is found in literature about the initial stage of ethylic biodiesel 
production and the behavior of ethyl esters in this kind of system (transesterification of 
vegetable oils and ethanol). Dias et al. [15] worked with systems containing ethylic biodiesel 
of vegetable oil, anhydrous ethanol and refined vegetable oils (sunflower oil and canola oil), 
at 303.15 K and 323.15 K; and a system containing refined palm oil + ethylic biodiesel of 
palm oil + ethanol, at 318.15 K. The authors concluded that the ethylic biodiesel of different 
oils have a slight affinity for the ethanol rich phase. 
Shiozawa et al. [16] evaluated liquid–liquid equilibrium (LLE) data for the 
systems composed of refined oil (soybean, cottonseed or rice bran) + commercial mixture of 
fatty acid ethyl esters (linoleate or oleate) + commercial mixture of partial acylglycerols + 
anhydrous ethanol, at different temperatures (303.15 K and 318.15 K), with emphasis on 
partial acylglycerols and ethyl esters distribution. The results showed the ethyl esters and 
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DAG affinity for the oil phase. In contrast, the distribution coefficients of MAG were higher 
than unity, thus demonstrating the affinity of these components for the solvent phase. 
The behavior of FFA, partial acylglycerols and ethyl esters in the initial stage of 
ethylic biodiesel production were studied by Ferreira et al. [17] and Bessa et al. [18]. These 
new LLE experimental measurements confirm that it is indeed important to consider the 
partial acylglycerols, FFA, besides the ethyl esters, when studying the phase equilibrium in 
biodiesel systems, mainly in the transesterification step. 
Thus, the main objective of this study was to determine the LLE experimental 
data related to the systems involved in biodiesel production from vegetable oils, with 
emphasis on partial acylglycerols, free fatty acids and ethyl esters. The systems composed of 
refined oil (soybean, cottonseed or rice bran) + commercial mixture of fatty acid ethyl esters 
(linoleate or oleate) + commercial mixture of partial acylglycerols + anhydrous ethanol, at 
different temperatures (303.15 K and 318.15 K) were investigated. The LLE data set was used 
to adjust the NRTL model parameters and evaluate three different sets of UNIFAC 
parameters. 
 
2. Experimental procedure 
2.1 Materials 
The solvents used in this work were anhydrous ethanol and anhydrous acetic acid 
(glacial) both from Merck (Germany) and with purity greater than 99.5 wt.% and       99.8 
wt.%, respectively. Toluene CHROMASOLV
®
 Plus for HPLC from Sigma-Aldrich (USA) 
and purity greater than 99.5 wt.% was also used.  
Commercial oleic and linoleic acids were acquired from Sigma-Aldrich (USA) 
with minimum purities of 65.0 wt.% and 60.0 wt.%, respectively. A commercial mixture of 
mono- and diacylglycerols from SGS Agriculture and Industry Ltda. was used as a partial 
acylglycerols source in this work. Its mass fraction purity of monoacylglycerols was greater 
than 52.0 wt.%, as reported by the supplier. The commercial ethyl oleate and linoleate were 
acquired from Sigma-Aldrich (USA) with minimum purities of 77.5 wt.% and 65.0 wt.%, 
respectively. 
Refined soybean and cottonseed oils were kindly supplied by Cargill (Mairinque, 
Brazil), and refined rice bran oil was kindly supplied by Irgovel (Pelotas, Brazil). Fatty 
compounds content in all refined oils was higher than 99 %. 
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2.2 Analytical methodology 
The refined oils and the commercial mixture of partial acylglycerols were 
transesterified to fatty acid methyl esters, according to Hartman and Lago [19]. Then, all the 
fatty compounds were analyzed following the official method Ce 1-62 of the American Oil 
Chemists' Society (AOCS) [20] to determine the fatty acid composition. This 
chromatographic analysis was carried out using a capillary gas chromatography system as 
stated by Lanza et al. [21].  
The probable triacylglycerol compositions of the refined oils and the commercial 
mixture of partial acylglycerols were determined from theirs fatty acid compositions, using 
the algorithm suggested by Antoniosi Filho et al. [22], and groups with a total triacylglycerol 
composition lower than 0.5 % were ignored. The probable mono- and diacylglycerol 
compositions were also determined from the triacylglycerol composition, performing all 
possible combinations, as explained by Ferreira et al. [17]. 
In order to determine the commercial mixture of partial acylglycerols composition 
in terms of mono, di and triacylglycerols, it was analyzed according to the ASTM D6584-
13e1 method [23]. This analysis was performed in a gas chromatography with a flame 
ionization detector (Shimadzu, model GC-2010), using a 0.10 μm DB-5ht 25 m × 0.32 mm 
column (Agilent, Santa Clara, CA, USA) and as a mobile phase, the helium carrier gas, at 
Analytical Center of the Institute of Chemistry at the University of Campinas 
(IQ/UNICAMP). 
The diacylglycerol compositions of the oils (soybean, cottonseed, rice bran) were 
determined by HPSEC chromatography using the calibration curve of the commercial mixture 
of partial acylglycerols. The HPLC system was equipped with an automatic injector 
(Shimadzu, model SIL-20A, Japan), with a 5 μm Phenogel 300 × 7.8 mm ID size exclusion 
column (Phenomenex, Torrance, CA, USA) and a RI detector. The column temperature was 
set at 313 K, and the injection volume was 0.20 μL. A mobile phase of 0.25 vol.% acetic acid 
in toluene, at a flow rate of 1.0 mL·min
−1
 was used during the 17 min run time. The 
concentrations of the samples were 10 mg·mL
−1
, each prepared in toluene.  
The free fatty acids contents of the refined oils were determined as the official 
method 2201 of the International Union of Pure and Applied Chemistry [24] with Titrando 
808 automatic titrator (Metrohm, Switzerland).  
 
 
Capítulo 5 Artigo a ser submetido à Fluid Phase Equilibria 117 
 
2.3 Liquid-liquid equilibrium experiments 
Each LLE experiment with one refined oil was carried out in two different 
temperatures, thus, six LLE systems were carried out in total.  
In each LLE system, one refined oil, the commercial mixture of partial 
acylglycerols, one commercial mixture of ethyl ester (linoleate or oleate), one commercial 
fatty acid (linoleic or oleic) and anhydrous ethanol were all weighed on an analytical balance 
with precision of ± 0.0001 g (Precisa, model XT220A, Sweden) in glass tubes (10 mL) 
(Perkin Elmer). The tubes were sealed and mixed for 20 minutes (Scientific Industries, model 
Vortex Genie 2, USA). The tubes were left at rest for a minimum of 36 h at constant 
temperature in a thermostatic bath (Cole Parmer, model 12101-55, Chicago, USA) accurate to 
± 0.1 K. This time was determined, observing in previous experiments, the formation of two 
clear and transparent liquid phases and a well-defined interface, which ensure that the liquid-
liquid equilibrium was achieved. 
Equilibrium data for the systems containing refined soybean and cottonseed oils 
were measured at 303.15 K and 318.15 K using the commercial mixture of ethyl linoleate and 
the commercial linoleic acid. The system containing refined rice bran oil was analyzed at the 
same temperatures using the commercial mixture of ethyl oleate and the commercial oleic 
acid. In both cases the uncertainty of the equilibrium temperature was not greater than 0.1 K. 
After liquid-liquid equilibrium was reached, a well-defined interface was formed 
between the both liquid phases, with the upper layer corresponding to the solvent phase (SP) 
and the lower layer to the oil phase (OP). At this moment, samples of both phases were 
collected using syringes and diluted directly with toluene to guarantee an immediate dilution 
of the samples at ambient temperature (Fig. 1). The composition, in terms of 
monoacylglycerols, diacylglycerols, triacylglycerols, ethyl esters, fatty acids and ethanol, of 
each sample was determined in a HPSEC chromatography as described in the previous 
section. Each component was quantified using a different calibration curve (external 
calibration), with six concentration levels of the same components used in the equilibrium 
systems. 
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Fig. 1. Schematic diagram of the liquid-liquid equilibrium experiments. A: thermostatic bath; 
B: water circulation; C: solvent phase; D: oil phase; E: distilled water; F: syringes for phase 
collection 
 
The procedure developed by Marcilla et al. [25] and applied to fatty acid systems 
[26] was used to verify the quality of the results, in which values of the deviations of the 
global mass balances less than 0.5 % ensure the good quality of the experimental data. The 
global mass balance deviation is the difference between the sum of the calculated masses of 
both liquid phases with the actual value for total mass used in the experiment. 
 
2.4 NRTL thermodynamic modeling  
The experimental data were used to adjust the NRTL model parameters, by 
treating the systems as pseudosenary system composed by triacylglycerols (TAG), 
diacylglycerols (DAG), monoacylglycerols (MAG), fatty acids, ethyl esters and ethanol. In 
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where ijA (K) and ij  are the adjustable binary parameters between the pair of 
components i  and j , K  is the number of components, T  is the equilibrium temperature (K), 
and M  represents the average molar mass of the pseudo component. 
The NRTL parameters were estimated using an algorithm developed in Fortran 
programming language which uses the modified simplex method to estimate thermodynamic 
parameters by minimizing the objective function of compositions (  wOF ), as suggested by 








































































where D  is the total number of data groups, N  the total number of tie lines in the 
data group, K  is the total number of components in the data group, w  is the mass fraction, 
subscripts i , n  and m  are the component, the tie line, and group number, respectively, and 
the superscripts SP  and OP  stand for the solvent and oil phases, respectively; exp  and calc  
refer to experimental and calculated compositions. SP
mniw ,,
  and OP
mniw ,,
  are the standard 
deviations observed in the compositions of the two liquid phases. 
The average deviations between experimental and calculated compositions in both 
phases ( w ) were calculated according to Eq. (6): 
 






























with all equation parameters previously cited. 
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2.5 UNIFAC thermodynamic modeling 
The UNIFAC thermodynamic model was also used to predict the LLE data of the 
systems. The following structural groups were selected to represent the systems studied: 
―CH3‖, ―CH2‖, ―CH‖, ―CH=CH‖, ―CH2COO‖, ―COOH‖, ―OH‖ and ―OHgly‖. Three sets of 
UNIFAC binary interaction parameters were used to test the prediction capability for these 
liquid-liquid equilibrium data: UNIFAC-LLE, UNIFAC-HIR and UNIFAC-BES.  
The first set of UNIFAC parameters for LLE, UNIFAC-LLE, was presented by 
Magnussen et al. [28]; the other set, UNIFAC-HIR and UNIFAC-BES, are the modified 
UNIFAC-LLE parameters, adjusted by using several real multicomponent data for vegetable 
oil deacidification [29] and for biodiesel systems [30]. The software used for adjusting the 
interaction parameters was developed in Fortran by Hirata et al. [29]. 
All individual components: mono-, di- and triacylglycerols, ethyl esters, fatty 
acids and ethanol were considered for UNIFAC calculations, thus representing a total of 70 
different components. 
 
3. Results and Discussion 
As all oils are refined vegetable oils, the free fatty acids contents of soybean and 
cottonseed oil expressed as linoleic acid were 0.11 % and 0.09 %, by mass, respectively, and 
the free fatty acids content of rice bran oil expressed as oleic acid was 0.21 %. 
The fatty acid compositions of the commercial fatty acids, commercial mixture of 
partial acylglycerols and refined oils, and the fatty acid ethyl ester compositions of the 
commercial mixtures of ethyl esters are presented in Table 1. 
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Table 1 
Fatty acid compositions of the commercial fatty acids, vegetable oils and commercial mixtures of partial acylglycerols and fatty acid ethyl esters 
compositions of the commercial mixture of ethyl esters. 






mixture of ethyl 
esters 
Commercial 




















Fatty Acid/Fatty Acid Ethyl Ester Symbol Cx:y
b
 100 w 100 w 100 w 100 w 100 w 100 w 100 w 100 w 
Dodecanoic L C12:0 0.19 0.21 ND  0.02 ND 2.54 0.64 ND 
Tetradecanoic M C14:0 0.06 0.67 0.28 0.72 0.11 0.29 0.22 ND 
Hexadecanoic P C16:0 10.82 22.75 19.79 22.17 7.98 4.62 5.07 1.00 
cis-hexadec-9-enoic Po C16:1 0.06 0.43 0.15 0.47 0.10 ND 0.12 ND 
Octadecanoic S C18:0 3.93 2.26 1.83 2.37 2.27 1.84 1.68 2.26 
cis-octadec-9-enoic O C18:1 24.38 17.18 39.73 16.50 12.61 78.08 25.51 91.01 
cis,cis-octadeca-9,12-dienoic Li C18:2 52.81 55.90 34.66 57.17 76.38 11.93 66.50 5.43 
trans,trans-octadeca-9,12-dienoic 
a
  C18:2T 0.44 ND ND ND ND ND ND 0.22 
all-cis-octadeca-9,12,15-trienoic Le C18:3 6.43 0.15 1.95 0.25 0.20 ND ND 0.08 
Icosanoic A C20:0 0.33 0.24 0.77 0.21 0.07 0.08 0.08 ND 
cis-icos-9-enoic Ga C20:1 0.19 0.06 0.53 ND 0.19 0.08 0.12 ND 
Henecoisanoic He C21:0 ND 0.06 ND ND ND ND 0.06 ND 
Docosanoic Be C22:0 0.36 0.09 0.31 0.12 0.09 0.13 ND ND 
cis-docos-13-enóico E C22:1 ND ND ND ND ND 0.41 ND ND 
a
 Trans isomers. 
b
 Cx:y, x = number of carbon and y = number of double bonds. ND = not detected. 
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The HPSEC results showed that only TAG and DAG were detected in the refined 
oils, so, as the diacylglycerol composition of the refined oils was quantified, the TAG 
composition of the oils was calculated by difference. Thereby, Table 2 presents the mass 
percentage composition of oils and commercial mixture of partial acylglycerols expressed in 
mono-, di- and triacylglycerols. 
 
Table 2 





 100 w 100 w 100 w 
Soybean oil 99.18 0.82 ND 
Cottonseed oil 98.35 1.65 ND 
Rice bran oil 95.96 4.04 ND 
Commercial mixture of partial 
acylglycerols 
6.49 32.35 61.16 
ND = not detected. 
 
Tables 3 and 4 present the probable tri- and diacylglycerol compositions of 
soybean, cottonseed, rice bran oils, and commercial mixture of partial acylglycerols; and the 
probable monoacylglycerol composition of commercial mixture of partial acylglycerol is 
shown in Table 5. From these compositions, it was possible to calculate the average molar 
masses of TAG and DAG for the vegetable oils and the average molar masses of TAG, DAG 
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Table 3 
Probable triacylglycerol composition of vegetable oils and commercial mixture of partial 
acylglycerols. 















 -1molg   100 w 100 w 100 w 100 w 
PPP 48:0 807.33 ― ― 1.00 1.39 
MLiP 48:2 803.30 ― 0.74 ― 0.72 
POP 50:1 833.37 0.95 3.21 5.48 2.80 
PLiP 50:2 831.35 2.12 10.62 5.05 9.89 
MLiO 50:3 829.34 ― 0.96 ― 0.98 
PPLe 50:3 829.34 ― ― 0.62 ― 
LiLiM 50:4 827.32 ― 0.83 ― 0.84 
POS 52:1 861.42 0.63 0.58 0.98 0.54 
OOP 52:2 859.41 3.66 4.20 10.78 3.71 
POLi 52:3 857.39 10.27 15.34 17.63 13.13 
LiLiP 52:4 855.38 12.36 25.28 8.82 23.16 
PLiLe 52:5 853.36 2.76 ― 0.94 ― 
LiLiPo 52:5 853.36 ― 0.52 ― 0.91 
OOS 54:2 887.46 1.11 ― 1.42 ― 
OOO 54:3 885.44 ― ― 7.74 1.70 
SLiO 54:3 885.44 4.80 1.85 ― ― 
OOLi 54:4 883.43 13.19 6.51 16.67 6.58 
LiLiO 54:5 881.41 22.12 14.01 14.97 15.46 
LiLiLi 54:6 879.40 19.70 15.35 5.69 18.19 
LiLiLe 54:7 877.38 5.68 ― 0.74 ― 
LeLeLi 54:8 875.37 0.65 ― ― ― 
OLiA 56:3 913.50 ― ― 0.81 ― 
LiLiA 56:4 911.48 ― ― 0.66 ― 
  TAG
d
M  872.37 861.47 866.87 862.03 
a
Groups with a total triacylglycerol (TAG) composition lower than 0.5% were ignored. 
b
x:y, x 
= number of carbons (except carbons of glycerol); y = number of double bonds. 
c
M = molar 
mass. 
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Table 4 
Probable diacylglycerol composition of vegetable oils and commercial mixture of partial 
acylglycerols. 













 -1molg   100 w 100 w 100 w 100 w 
MP 30:0 540.86 ― 0.25 ― 0.24 
PP 32:0 568.91 1.02 4.60 4.72 5.62 
MO 32:1 566.90 ― 0.32 ― 0.33 
MLi 32:2 564.88 ― 1.12 ― 1.13 
PS 34:0 596.96 0.21 0.19 0.33 0.18 
PO 34:1 594.95 6.71 10.24 17.04 8.90 
PLi 34:2 592.93 14.00 29.30 15.43 11.82 
PLe 34:3 590.91 0.92 ― 0.73 ― 
PoLi 34:3 590.91 ― 0.35 ― 15.44 
SO 36:1 623.00 2.55 0.81 1.27 0.18 
SLi 36:2 620.99 1.60 0.62 ― ― 
OO 36:2 620.99 5.99 3.57 17.36 5.13 
OLi 36:3 618.97 28.56 19.73 27.24 19.38 
LiLi 36:4 616.95 33.09 ― 14.09 31.65 
LiLe 36:5 614.94 5.14 ― 0.81 ― 
LeLe 36:6 612.92 0.21 28.90 ― ― 
OA 38:1 651.05 ― ― 0.27 ― 




M  612.27 605.17 608.60 605.07 
a








Probable monoacylglycerol composition of commercial mixture of partial 
acylglycerols. 
  bM  






 -1molg   100 w 
M 14:0 302.43 0.85 
P 16:0 330.50 16.19 
Po 16:1 328.49 7.72 
S 18:0 358.56 0.17 
O 18:1 356.54 19.53 
Li 18:2 354.52 55.54 
  MAG
cM  348.58 
a
x:y, x = number of carbons (except carbons of glycerol); y = number of double 
bonds. 
b
M = molar mass. 
c M = average molar mass. 
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As both the commercial fatty acids and the ethyl esters were composed only by 
fatty acids and ethyl esters, respectively, the average molar masses were calculated from their 
respectively fatty acid and fatty acid ethyl ester compositions (Table 1). The average molar 
masses of the commercial mixture of linoleic and oleic acids were 279.07 1molg and 
282.11 1molg , whereas the average molar masses of commercial mixture of ethyl linoleate 
and ethyl oleate were 306.79 1molg and 306.04 1molg , respectively. 
The overall and the corresponding phase compositions, in mass percentage for the 
pseudosenary systems, at 303.15 K and 318.15 K, are presented in Tables 6, 7 and 8. The 
global mass balance deviations for all systems studied varied within the range from 0.01 % to 
0.46 %, ensuring the quality of experimental data. These data were used to the 
thermodynamic modeling, as discussed as follows. 
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Table 6 
Experimental liquid–liquid equilibrium dataa for the system TAG soybean oil (1) + DAG (2) + MAG (3) + commercial linoleic acid (4) + 
commercial ethyl linoleate (5) + anhydrous ethanol (6) in mass percentage at 303.15 K and 318.15 K. 






































303.15 51.11 1.09 1.26 1.88 0.00 44.66  75.71 1.20 0.72 1.70 0.00 20.67  9.81 0.90 2.04 2.33 0.00 84.92 
 
46.29 1.01 1.20 2.01 1.97 47.53  72.30 1.16 0.72 1.74 2.31 21.77  11.63 0.95 1.78 2.45 1.47 81.72 
 
45.51 1.01 1.22 1.94 3.09 47.22  70.40 1.15 0.65 1.66 3.62 22.52  12.50 0.97 1.74 2.31 2.33 80.15 
 
44.64 1.04 1.26 1.89 4.17 47.01  67.74 1.17 0.78 1.60 4.97 23.74  13.20 0.93 1.82 2.20 3.20 78.65 
 
43.62 1.00 1.21 2.09 5.06 47.02  66.15 1.16 0.66 1.75 6.08 24.20  14.16 0.91 1.71 2.42 4.01 76.79 
 
42.58 0.95 1.14 2.01 5.91 47.41  64.71 1.06 0.68 1.70 6.95 24.90  14.36 0.91 1.66 2.30 4.74 76.03 
318.15 51.20 0.73 1.16 2.07 0.00 44.84  75.94 1.22 0.58 1.88 0.00 20.38  11.29 0.85 1.81 2.65 0.00 83.40 
 
45.58 0.79 1.25 2.10 2.07 48.21  69.05 1.21 0.75 2.20 2.35 24.44  13.03 0.85 1.49 2.79 1.53 80.31 
 
45.90 0.84 1.33 2.04 3.06 46.83  67.36 1.16 0.76 2.18 3.45 25.09  12.92 0.94 1.76 2.89 2.32 79.17 
 
44.93 0.83 1.30 2.15 3.91 46.87  65.27 1.18 0.70 1.85 4.39 26.61  13.50 0.93 1.76 2.43 3.01 78.37 
 
43.87 0.79 1.24 2.12 5.03 46.94  62.27 1.14 0.89 1.85 5.72 28.13  14.57 0.83 1.57 2.95 4.37 75.71 
 
42.84 0.82 1.29 2.03 6.01 47.02  61.15 1.11 0.74 1.67 6.76 28.57  15.23 0.95 1.68 2.23 5.01 74.90 
a
The standard uncertainty for temperature u(T) = 0.1 K and the standard uncertainty (type A) for mass fractions u(w) ≤ 0.0008.
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Table 7 
Experimental liquid–liquid equilibrium dataa for the system TAG cottonseed oil (7) + DAG (2) + MAG (3) + commercial linoleic acid (4) + 
commercial ethyl linoleate (5) + anhydrous ethanol (6) in mass percentage at 303.15 K and 318.15 K.
 






































303.15 50.72 1.52 1.26 1.88 0.00 44.62  71.15 1.57 0.80 1.83 0.00 24.65  11.28 1.21 1.61 2.43 0.00 83.47 
 
46.08 1.44 1.27 2.24 2.20 46.77  67.75 1.63 0.79 2.09 2.47 25.27  12.21 1.17 1.60 2.39 1.41 81.22 
 
45.55 1.40 1.21 2.06 3.12 46.67  66.96 1.57 0.66 1.87 3.53 25.41  12.95 1.22 1.58 2.35 2.21 79.69 
 
44.16 1.40 1.24 1.93 3.82 47.45  65.32 1.50 0.68 1.71 4.33 26.46  13.58 1.28 1.73 2.20 2.85 78.36 
 
43.45 1.36 1.20 2.04 4.82 47.13  62.59 1.49 0.72 1.85 5.47 27.88  15.22 1.22 1.54 2.32 3.75 75.95 
 
42.42 1.35 1.22 2.09 6.11 46.80  57.80 1.48 0.94 1.93 6.85 31.00  18.16 1.26 1.52 2.35 4.96 71.75 
318.15 48.36 1.43 1.16 2.10 0.00 46.95  71.53 1.56 0.59 1.97 0.00 24.35  12.70 1.19 1.49 2.45 0.00 82.17 
 
46.14 1.46 1.30 2.35 1.99 46.76  65.87 1.60 0.69 2.11 2.17 27.56  14.14 1.20 1.60 2.68 1.44 78.94 
 
45.38 1.44 1.28 2.21 3.08 46.62  63.86 1.68 0.76 2.14 3.50 28.06  15.44 0.97 1.15 3.04 2.09 77.31 
 
44.52 1.41 1.25 1.97 3.97 46.88  62.08 1.53 0.70 1.70 4.42 29.57  16.73 1.29 1.50 2.27 3.21 75.00 
 
43.27 1.40 1.28 2.09 4.88 47.09  60.05 1.53 0.79 1.89 5.37 30.37  17.67 1.18 1.35 2.09 4.04 73.67 
a
The standard uncertainty for temperature u(T) = 0.1 K and the standard uncertainty (type A) for mass fractions u(w) ≤ 0.0006.
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Table 8 
Experimental liquid–liquid equilibrium dataa for the system TAG rice bran oil (8) + DAG (2) + MAG (3) + commercial oleic acid (9) + 
commercial ethyl oleate (10) + anhydrous ethanol (6) in mass percentage at 303.15 K and 318.15 K. 






































303.15 47.00 2.65 1.28 2.03 0.00 47.04  71.98 3.98 0.61 1.73 0.00 21.70  9.02 1.75 1.82 2.13 0.00 85.28 
 
45.11 2.52 1.19 2.00 2.01 47.18  68.66 3.57 0.66 1.67 2.29 23.15  9.79 1.61 1.79 2.11 1.36 83.34 
 
44.22 2.47 1.16 1.89 3.13 47.13  66.62 3.71 0.64 1.56 3.70 23.77  10.30 1.61 1.55 2.00 2.18 82.36 
 
43.25 2.47 1.23 1.93 4.03 47.09  64.42 3.48 0.76 1.59 4.76 24.99  11.14 1.65 1.73 2.05 2.91 80.52 
 
42.51 2.40 1.18 2.12 4.96 46.83  62.83 3.42 0.68 1.83 5.64 25.60  12.38 1.62 1.62 2.30 3.68 78.40 
 
41.10 2.42 1.32 1.97 6.19 47.00  60.99 3.27 0.71 1.69 7.19 26.15  13.10 1.86 1.69 2.58 4.79 75.98 
318.15 48.75 2.68 1.19 2.00 0.00 45.39  73.58 3.67 0.54 1.66 0.00 20.55  11.00 1.88 1.82 2.19 0.00 83.11 
 
45.22 2.59 1.30 2.04 1.98 46.88  67.37 3.87 0.74 1.71 2.25 24.06  12.49 1.81 1.78 2.16 1.44 80.32 
 
44.28 2.53 1.28 2.09 2.91 46.92  65.28 3.74 0.63 1.72 3.27 25.36  12.64 1.84 1.76 2.25 2.20 79.31 
 
43.24 2.46 1.23 2.02 4.06 46.98  62.08 3.63 0.69 1.75 4.55 27.30  12.98 1.75 1.66 2.19 3.06 78.36 
 
42.05 2.40 1.20 2.05 5.00 47.30  60.75 3.09 0.67 1.71 5.50 28.28  13.74 1.91 1.79 2.36 4.03 76.17 
 
41.43 2.46 1.35 2.00 6.05 46.71  58.15 3.37 0.73 1.60 6.49 29.66  14.52 1.93 1.89 2.23 4.78 74.65 
a
The standard uncertainty for temperature u(T) = 0.1 K and the standard uncertainty (type A) for mass fractions u(w) ≤ 0.0007.
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The behavior of minority compounds in the phases was observed, which is 













iw  corresponds to the content of fatty acids, ethyl esters, DAG or MAG 
in the solvent phase and 
OP
iw  corresponds to the same component in the oil phase.  
The distribution coefficients of ethyl esters (Fig. 2) were lower than the unity, 
showing the ethyl esters affinity for the oil phase, being important information at the 
beginning of transesterification reaction between TAG and ethanol, which is essentially 
biphasic or a liquid-liquid system in biofuel production. The same behavior was observed by 
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Fig. 2. Average distribution coefficient (
ik ) at 303.15 K and 318.15 K of: 
 DAG (■), MAG (●), linoleic acid (−) and ethyl linoleate (♦), in the system composed of TAG 
soybean oil + DAG + MAG + linoleic acid + ethyl linoleate + ethanol; 
DAG (□), MAG (○), linoleic acid (▼) and ethyl linoleate (◊), in the system composed of 
TAG cottonseed oil + DAG + MAG + linoleic acid + ethyl linoleate + ethanol; 
DAG (×), MAG (∆), oleic acid (   ) and ethyl oleate (   ), in the system composed of TAG rice 
bran oil + DAG + MAG + oleic acid + ethyl oleate + ethanol. 
 
The free fatty acid (FFA) distribution coefficients were higher than the unity 
showing that free fatty acids prefer the solvent phase, as reported previously by some authors 
[16-18,31]. This is important not only to the liquid−liquid deacidification systems, but also to 
the study of biodiesel systems, since oils and fats with high FFA content are unsuitable to be 
used directly in the conventional biodiesel production process by alkali transesterification. 
The distribution coefficients of DAG were smaller than the unity, indicating the 
DAG affinity for the oil phase. In addition, as observed in Fig. 2 and Tables 6 and 7, the DAG 
concentration was slightly higher in the oil phase for the systems containing refined soybean 
oil and cottonseed oil. For the system with refined rice bran oil, the DAG concentration was 
almost twice higher in the oil phase (Table 8), with distribution coefficient values close to 0.5. 
Finally, a MAG affinity for the solvent phase was observed, which was about two times more 







303.15 K 318.15 K
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difference on partial acylglycerols distribution occurs because MAG contains higher number 
of polar groups (hydroxyl groups) than diacylglycerols, increasing their affinity to the solvent 
phase. The transesterification reaction evolves three stages: in the first one the reaction of one 
alcohol molecule with one TAG molecule results in one fatty acid alkyl ester molecule and 
one DAG molecule, which will react again with another alcohol molecule, resulting in the 
second fatty acid alkyl ester molecule besides one MAG molecule. After, this last one 
molecule reacts with the third alcohol molecule generating finally one glycerol molecule and 
the third fatty acid alkyl ester molecule. Thus, the information on DAG and MAG distribution 
is essential due to the transesterification reaction occurs at the interface between the two 
liquid phases [2]. As DAG and MAG concentrations increases in the overall composition, the 
TAG concentration increases in the solvent phase, indicating a tendency to the formation of a 
single phase system. Thereby, as the transesterification reaction is enhanced when the system 
is homogeneous [2], take into account the presence of partial acylglycerols throughout the 
biodiesel production is indeed important, because they will impact in the phase equilibrium of 
the reaction system formed, and consequently its yield. Furthermore, when TAG conversion 
is incomplete during biodiesel production, the knowledge about phase equilibrium of the 
system reaction considering partial acylglycerols is essential to explore alternative operational 
conditions for the reactor and for downstream processes [32]. 
 
3.1 Thermodynamic modeling 
All systems evaluated in the present study were composed by the following 
components: refined oil, commercial mixture of partial acylglycerols, commercial mixture of 
fatty acids, commercial mixture of ethyl esters and anhydrous ethanol.  
As MAG comes only from the commercial mixture of partial acylglycerols, fatty 
acids from commercial mixture of fatty acids, ethyl esters from commercial mixture of ethyl 
esters, and, once TAG and DAG are derived from oil and also from the commercial mixture 
of partial acylglycerols (Table 2), the following notations were used to represent the 
components of the systems for the NRTL thermodynamic modeling: TAG soybean oil (1), 
DAG (2), MAG (3), commercial linoleic acid (4), commercial ethyl linoleate (5), anhydrous 
ethanol (6), TAG cottonseed oil (7), TAG rice bran oil (8), commercial oleic acid (9), and 
commercial ethyl oleate (10), with TAG, DAG, and MAG corresponding to the 
triacylglycerols, diacylglycerols, and monoacylglycerols, respectively.  
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As aforementioned for the NRTL thermodynamic modeling, it is necessary to 
calculate the average molar masses of the pseudo components. For each system, the pseudo 
component TAG is derived from oil and from commercial mixture of partial acylglycerols. As 
observed in Table 3, as the average molar masses of TAG from both the refined oil and the 
commercial mixture are not the same, the average molar masses of TAG were calculated for 
each experimental overall composition, considering the TAG from both sources. The average 
molar masses of TAG in the overall composition were very close to the molar mass of TAG 
of the respective refined oil. Thus, the average molar mass of TAG used in the 
thermodynamic modeling were the respective average molar masses of TAG from oils. The 
same analysis was performed for the pseudo component DAG. As DAG is derived from oil 
and from commercial mixture of partial acylglycerols and the average molar masses of DAG 
from both the refined oil and the commercial mixture are not the same (Table 4), the average 
molar masses of DAG were calculated for each experimental overall composition, considering 
the DAG from both sources. The average molar masses of DAG in the overall composition 
were very close to the molar mass of DAG of the commercial mixture of partial acylglycerols. 
Thus, the average molar mass of DAG used in the thermodynamic modeling was the average 
molar mass of DAG from commercial mixture of partial acylglycerols. As MAG comes only 
from the commercial mixture of partial acylglycerols, their average molar masses are the 
same presented in Table 5.  
Table 9 presents the adjusted NRTL parameters, and Table 10 shows the average 
deviations between the experimental and the calculated compositions given by Eq. (6) for 
each system. Some NRTL parameters presented different values between the two 
temperatures of the experiments. If they were readjusted to similar values, the average 
deviations between experimental and calculated compositions increased, and the minority 
component behavior cannot be described, resulting in a wrong composition of these 
components in both liquid phases. As an example, when comparing the TAG and MAG 
interaction parameter values     and     at 303.15 K, they are 308.02 K and 61.33 K, 
whereas at 318.15 K they are -2802.00 K and 9999.70 K, respectively. It was not possible to 
readjust these parameters to closer values because the average deviations between the 
experimental and the calculated compositions were almost 9.5 % and besides that, closer 
values described the component behavior incorrectly, particularly the minority ones. 
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Table 9 
NRTL parameters for the binary interactions between TAG soybean oil (1), DAG (2), 
MAG (3), commercial linoleic acid (4), commercial ethyl linoleate (5), anhydrous 
ethanol (6), TAG cottonseed oil (7), TAG rice bran oil (8), commercial oleic acid (9), 
and commercial ethyl oleate (10). 
T = 303.15 K  T = 318.15 K 
Pair       /K    /K     
ww 
Pair       /K    /K     
12 108.22 105.53 0.2280 12 969.85 1070.60 0.3249 
13 308.02 61.33 0.3341 13 -2802.00 9999.70 0.3688 
14 -2410.80 -28.57 0.1000 14 -26.43 -181.99 0.1640 
15 -312.45 -196.19 0.3070 15 -828.97 -489.91 0.1001 
16 -30.97 1396.80 0.5300 16 158.14 1382.50 0.5700 
23 -228.40 241.84 0.1921 23 -328.40 251.84 0.1279 
24 9999.90 508.64 0.1000 24 9946.20 473.87 0.1026 
25 163.67 137.79 0.1000 25 160.01 86.32 0.1000 
26 5435.60 1216.90 0.2521 26 5433.80 2052.00 0.5225 
27 -60.44 225.37 0.3721 27 2090.90 -428.29 0.1014 
28 40.77 -154.77 0.4466 28 107.90 978.43 0.4499 
29 -4802.60 4366.70 0.1659 29 295.01 -1625.70 0.1991 
210 -906.72 -23.67 0.1720 210 -494.75 -29.21 0.1801 
34 -88.72 -2378.20 0.4026 34 -114.95 -2772.30 0.3443 
35 1775.70 -219.14 0.1315 35 2885.70 -390.76 0.1938 
36 265.84 -2046.40 0.1338 36 283.37 -2809.40 0.1598 
37 -562.67 -113.56 0.3475 37 -859.90 -104.38 0.2511 
38 4863.30 12.386 0.1327 38 5620.00 12.39 0.1000 
39 1484.40 2425.50 0.3381 39 1484.40 1904.60 0.5260 
310 5966.80 -513.73 0.1670 310 7327.60 -695.87 0.1126 
45 -132.02 -115.16 0.4184 45 -193.80 -135.00 0.4445 
46 54.91 -1722.20 0.1332 46 85.20 -1247.00 0.5700 
47 -481.38 -323.38 0.3225 47 -463.82 -223.31 0.1001 
56 3105.80 114.20 0.1289 56 9998.00 -142.62 0.1257 
57 -414.89 -174.89 0.5700 57 -709.61 -95.44 0.5334 
67 126.76 1377.40 0.5512 67 -26.90 1426.30 0.5443 
68 409.33 1397.80 0.5657 68 309.33 1418.10 0.5650 
69 -124.74 -1450.40 0.2927 69 -124.74 -1808.30 0.3025 
610 861.92 889.05 0.1732 610 861.92 1013.90 0.1667 
89 3401.90 -84.18 0.1986 89 2145.90 65.39 0.2811 
810 179.99 -185.86 0.2195 810 827.48 -342.86 0.1739 
910 868.28 96.50 0.1732 910 861.92 1013.90 0.1667 
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Table 10 
Average deviations (   ( )) in phase compositions. 
     ( ) 
  Thermodynamic model 
System T (K) NRTL UNIFAC-BES UNIFAC-HIR UNIFAC-LLE 
TAG soybean oil (1) + DAG (2) + MAG (3) + commercial linoleic acid (4) + 
commercial ethyl linoleate (5) + anhydrous ethanol (6) 
303.15 0.20 1.26 2.53 7.84 
318.15 0.32 1.10 1.96 8.49 
TAG cottonseed oil (7) + DAG (2) + MAG (3) + commercial linoleic acid (4) + 
commercial ethyl linoleate (5) + anhydrous ethanol (6) 
303.15 0.28 2.22 3.67 9.12 
318.15 0.26 1.23 2.26 9.46 
TAG rice bran oil (8) + DAG (2) + MAG (3) + commercial oleic acid (9) + commercial 
ethyl oleate (10) + anhydrous ethanol (6) 
303.15 0.17 1.04 2.36 7.33 
318.15 0.25 1.33 1.89 8.01 
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As shown in Figs. 3 (a), (b) and (c) and Table 10, a good alignment can be 
observed among phase compositions and overall composition, and the corresponding low 
average deviations between experimental and calculated compositions for all systems, which 
ranged from 0.17 % to 0.32 %, demonstrating that the NRTL model was able to accurately 
describe the LLE behavior of the systems. Ferreira et al. [18] measured LLE experimental 
data for the system canola oil + commercial mixture of tri-, di- and monoacylglycerol + ethyl 
oleate + oleic acid + ethanol, at 303.15 K and 318.15 K. Bessa et al. [19] determined LLE 
experimental data for the system HOSO (high oleic sunflower oil) + vegetable oil + 
diacylglycerols + monoacylglycerols + fatty acid + ethyl ester + ethanol involving ethylic 
biodiesel, ethanol, at two temperatures. The use of NRTL model by the authors in these 
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Fig. 3. (a) TAG soybean oil (1) + DAG (2) + MAG (3) + commercial linoleic acid (4) + 
commercial ethyl linoleate (5) + anhydrous ethanol (6). Experimental at (■) 303.15 K and (○) 
318.15 K; NRTL model at (---) 303.15 K and (···) 318.15 K. 
(b) TAG cottonseed oil (7) + DAG (2) + MAG (3) + commercial linoleic acid (4) + 
commercial ethyl linoleate (5) + anhydrous ethanol (6). Experimental at (■) 303.15 K and (○) 
318.15 K; NRTL model at (---) 303.15 K and (···) 318.15 K. 
(c) TAG rice bran oil (8) + DAG (2) + MAG (3) + commercial oleic acid (9) + commercial 
ethyl oleate (10) + anhydrous ethanol (6). Experimental at (■) 303.15 K and (○) 318.15 K; 
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All tri- and diacylglycerols from vegetable oils, all tri-, di- and monoacylglycerols 
from the commercial mixture of partial acylglycerol, all fatty acids from the commercial 
mixtures of linoleic acid and oleic acid, all ethyl esters from the commercial mixtures of ethyl 
linoleate and ethyl oleate, and ethanol were considered in the UNIFAC model, thus, 70 
different components were used in the calculations of UNIFAC model. Table 10 presents the 
average deviations between the experimental and the calculated compositions by UNIFAC, 
for each system. Figs. 4 to 6 show the experimental data and the calculated tie lines using the 
three sets of UNIFAC binary interaction parameters (UNIFAC-LLE, UNIFAC-HIR and 
UNIFAC-BES) for the systems, for ethyl esters representation. 
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Fig. 4. TAG soybean oil (1) + DAG (2) + MAG (3) + commercial linoleic acid (4) + commercial ethyl linoleate (5) + anhydrous ethanol (6). (a) a 





























































Fig. 5. TAG cottonseed oil (7) + DAG (2) + MAG (3) + commercial linoleic acid (4) + commercial ethyl linoleate (5) + anhydrous ethanol (6). 



























































Fig. 6. TAG rice bran oil (8) + DAG (2) + MAG (3) + commercial oleic acid (9) + commercial ethyl oleate (10) + anhydrous ethanol (6). (a) at 






















































Capítulo 5 Artigo a ser submetido à Fluid Phase Equilibria 141 
 
The results show that predicted data estimated by the UNIFAC-LLE parameter set 
is not consistent with the experimental data, due to the underestimation of ethanol in the oil 
phase and the overestimation of it in the solvent phase. The fatty acid mass fraction predicted 
using UNIFAC-LLE parameter set showed a fatty acid affinity for the oil phase, which is also 
the opposite of the experimental results. The ethyl ester description in the solvent phase is 
underestimated, whereas in oil phase it is overestimated. The worst results demonstrated by 
the highest average deviations between experimental and predicted data were expected and 
obtained when using UNIFAC-LLE parameter set, probably due to Magnussen et al. [28] did 
not include data involving esters or acylglycerols to adjust these parameters. 
The DAG mass fraction predicted using UNIFAC-HIR parameter set showed 
DAG affinity for the solvent phase, which is the opposite of the experimental results. The 
prediction of ethyl ester and fatty acid in both phases with UNIFAC-HIR parameter set is 
better when compared to the UNIFAC-LLE parameter set. Similar results were also observed 
by Ferreira et al. [17] and Bessa et al. [18], which studied systems containing partial 
acylglycerols, fatty acids and ethyl esters. The deviation values between experimental and 
predicted results decreased in a half when the UNIFAC-HIR parameter set was used, probably 
due to the parameters presented by Hirata et al. [29] were obtained from systems containing 
triacylglycerols, free fatty acids, and ethanol, which are part of the components of the systems 
in this study, improving the prediction of the equilibrium data, when compared to UNIFAC-
LLE. 
The best results were obtained using the new UNIFAC-BES parameter set, as 
seen in Figs. 4 to 6 and Table 10. This new UNIFAC parameter set decreased the 
underestimation of ethanol in the oil phase, showed the correct DAG affinity for the oil phase, 
and besides that, the prediction of ethyl ester and fatty acid in both phases was improved 
when compared to the UNIFAC-HIR parameter set. The first approach of Bessa et al. [30] for 
new parametrization of UNIFAC considered the molecules division (TAG, DAG, MAG, fatty 
acids, ethyl esters and ethanol) into the traditional structural groups and the prediction results 
were poor, probably as a consequence of the strongly polar hydroxyl groups bonded to the 
consecutive carbon atoms of glycerol and MAG molecules. Thus the authors created a new 
group, ‗OHgly‘, to represent the ‗OH‘ group attached to the carbon chain of glycerol, which is 
present in MAG, DAG and glycerol molecules. Then, this new group ‗OHgly‘ was introduced 
in a new matrix of UNIFAC parameters which has been readjusted from the oil 
deacidification up to the biodiesel production experimental data bank and consequently 
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contributed to a more precise description of the component behaviors which composed the 
systems of this work. 
 
4. Conclusions 
The deviations below 0.46 % obtained in the global mass balance indicate the 
good quality of experimental data. The distribution coefficients of ethyl esters and DAG from 
all systems were smaller than unity and varied from 0.57 to 0.76 and 0.44 to 0.86, 
respectively, showing the affinity of these components for the oil phase. In contrast, the 
distribution coefficients of fatty acids and MAG from all systems were higher than unity and 
varied from 1.11 to 1.59 and 1.51 to 3.37, respectively, thus demonstrating the affinity of 
these components for the solvent phase.  
 These new LLE experimental measurements confirm that it is indeed important to 
consider the partial acylglycerols, FFA, besides the ethyl esters, when studying the phase 
equilibrium in biodiesel systems, mainly in the transesterification step. 
The adjustment of the binary parameters of the NRTL model was representative to 
describe the liquid–liquid equilibrium of the systems studied, evidenced by the average 
deviation between the experimental and calculated values lower than 0.32 %. On the other 
hand, the liquid–liquid equilibrium prediction using UNIFAC-LLE and UNIFAC-HIR 
parameter sets resulted in deviations which varied from 7.33 % to 9.46 % and from 1.89 % to 
3.67 %, respectively. However, a new UNIFAC parameterization for the prediction of liquid-
liquid equilibrium of biodiesel systems, the UNIFAC-BES, showed deviations between     
1.04 % and 2.22 %, improving the liquid–liquid equilibrium prediction of the systems studied 
by UNIFAC model. 
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Todos os compostos graxos, os óleos vegetais refinados, as misturas comerciais 
de mono- e diacilgliceróis, as misturas comerciais de ácidos graxos, foram avaliados em 
relação às suas composições em ácidos graxos e as misturas comerciais de ésteres etílicos, em 
suas composições em ésteres etílicos. A partir destes resultados foram calculadas as massas 
molares médias das misturas comerciais de ácidos graxos e de ésteres etílicos.  
Dando sequência à caracterização das matérias-primas, a análise em HPSEC foi 
realizada, em um primeiro momento, somente para identificar as classes de compostos graxos: 
triacilgliceróis (TAG), diacilgliceróis (DAG), monoacilgliceróis (MAG), ácidos graxos e 
ésteres etílicos. Os resultados dessa análise mostraram que os óleos vegetais eram compostos 
somente por TAG e DAG; a mistura comercial de acilgliceróis parciais utilizada no trabalho 
do Capítulo 4 somente por DAG e MAG, e as misturas comerciais de acilgliceróis parciais 
utilizadas nos trabalhos dos Capítulos 2, 3 e 5, por TAG, DAG e MAG. Por fim, foi 
confirmado que as misturas comerciais de ácidos graxos e de ésteres etílicos eram compostas 
somente por suas respectivas classes de compostos graxos. 
A composição das misturas comerciais de acilgliceróis parciais, utilizadas nos 
trabalhos dos Capítulos 2, 3 e 5, em TAG, DAG e MAG foi quantificada utilizando-se 
cromatografia gasosa com detector de ionização de chama de acordo com o método ASTM 
D6584-13e1 da American Society for Testing and Materials (ASTM International).  
Para a quantificação em DAG dos óleos vegetais e da mistura comercial de 
acilgliceróis parciais do Capítulo 4 em HPSEC, a mistura comercial de acilgliceróis usada no 
Capítulo 3 e 5, quantificada pelo método da ASTM acima, foi utilizada como referência. A 
partir da curva de calibração dessa mistura comercial de acilgliceróis parciais, determinou-se 
a concentração de DAG dos óleos e a concentração de TAG foi calculada pela diferença, já 
que não foi detectada a presença de MAG nos óleos analisados pelo método de HPSEC. 
Como a mistura comercial de acilgliceróis parciais utilizada no trabalho do Capítulo 4 
continha somente MAG e DAG, a quantificação de DAG nesta amostra foi feita da mesma 
forma que para os óleos vegetais e a concentração de MAG foi calculada pela diferença. 
Todos estes procedimentos estão esquematizados no Apêndice A. 
A partir da composição em ácidos graxos dos óleos vegetais e das misturas 
comerciais de acilgliceróis parciais, as prováveis composições em TAG foram determinadas 
seguindo o algoritmo sugerido por Antoniosi Filho, Mendes e Lanças (1995). As prováveis 
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composições em DAG foram obtidas a partir das relações estequiométricas de quebra das 
moléculas de TAG em DAG e as de MAG a partir das de DAG, usando a mesma sequência de 
passos. Detalhes adicionais podem ser encontrados no Apêndice B. 
Com as composições em TAG, DAG e MAG foi possível o cálculo das massas 
molares médias dos compostos graxos necessárias para a modelagem termodinâmica. 
A determinação e quantificação simultânea de todas as classes separadamente: 
triacilgliceróis (TAG), diacilgliceróis (DAG), monoacilgliceróis (MAG), ácidos graxos, 
ésteres etílicos e etanol nos experimentos de equilíbrio líquido-líquido (ELL) foram realizadas 
através da técnica HPSEC e de curvas de calibração específicas para cada sistema. O 
detalhamento da determinação das curvas de calibração e de como foram calculadas as 
frações mássicas de cada componente em cada sistema encontra-se no Apêndice C. As 
incertezas do tipo A de todas as medidas experimentais foram calculadas e foram menores 
que 0,0009 e o detalhamento de seu cálculo pode ser visto no Apêndice D.  
Em relação à metodologia utilizada para determinação dos componentes dos 
sistemas deste trabalho, vale ressaltar que a fase móvel da técnica HPSEC anteriormente 
utilizada era o THF, a qual não permitia determinar e quantificar todos os componentes 
separadamente. Com isso, a técnica HPSEC foi modificada com o emprego de tolueno com 
adição de ácido acético como fase móvel, permitindo assim a determinação e quantificação 
simultânea de todas as classes separadamente, como pode ser visto no cromatograma no 
Apêndice E. 
Resolvido o problema da técnica cromatográfica, a segunda etapa foi adaptar os 
experimentos de ELL usando vials. Baseando-se na metodologia descrita por Basso, Meirelles 
e Batista (2012), foram utilizados vials de 10 mL para acondicionar os sistemas em ELL. 
Com isso foi possível realizar todos os experimentos de um sistema em uma temperatura de 
uma única vez, usando a cuba do banho termostático. O uso de vials de 10 mL possibilitou o 
uso de agulhas descartáveis de dois comprimentos diferentes, 25 e 40 mm. Primeiramente, a 
coleta da fase superior foi feita com a agulha de comprimento menor e posteriormente, a 
coleta da fase inferior foi feita com a agulha de comprimento maior. 
As seringas plásticas utilizadas para a coleta das fases tinham volume de 1 mL. 
Durante a coleta das amostras não foi utilizado tolueno como agente de diluição nas seringas, 
pois o tolueno ressecava o êmbolo da seringa, dificultando o seu deslocamento e 
impossibilitando a coleta das fases. Por este motivo as fases eram coletadas diretamente na 
seringa e adicionadas rapidamente em balões volumétricos de 5 mL com tolueno para sua 
solubilização. 
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Foram obtidos dados de equilíbrio líquido-líquido contendo acilgliceróis parciais 
com boa qualidade, pois os desvios nos balanços de massa global variaram de 0,01 % a     
0,46 %. Este método é baseado no cálculo das massas das duas fases líquidas em equilíbrio e 
a comparação da sua soma com o valor real da massa total utilizada no experimento. Marcilla, 
Ruiz e García (1995) afirmam que os desvios no balanço de massa global menores que 0,5 % 
garantem a qualidade dos dados experimentais e Rodrigues et al. (2005) confirmam a 
aplicação desse método de cálculo para sistemas envolvendo compostos graxos, como é o 
caso dos sistemas do presente trabalho.  
De acordo com esse método de cálculo, n balanços de componentes (equação 6.1) 








OC wmwmwm   (6.1) 
 
sendo OCm  a massa do ponto de mistura, OPm  e SPm  as massas das fases oleosa e solvente 
respectivamente, OCiw a fração mássica do componente i no ponto de mistura e 
OP
iw  e 
SP
iw  as 
frações mássicas do componente i nas fases oleosa e alcoólica, respectivamente. 
Com essas n equações, os valores de OPm  e SPm são calculados através do ajuste 
de mínimos quadrados, a partir das composições experimentais das fases ( OPiw  e 
SP
iw ) e das 
massas adicionadas de cada componente no ponto de mistura. Sendo M a matriz formada 
pelos valores de OCiw , B a matriz transformada (formada pelos valores 
OP
iw  e 
SP
iw ) e P a 
matriz formada pela quantidade de cada fase ( OPm  e SPm ), os sistemas prévios podem ser 
escritos por:  
 
PBM   (6.2) 
 
A equação 6.2 pode ser reescrita como: 
 




 a matriz transposta de B e   1BBT a matriz inversa de BBT .  
Dessa forma, os valores de OPm  e SPm , (matriz P), os quais minimizam os erros 
dos sistemas prévios, são calculados. Por fim, os desvios relativos do balanço de massa global 
Capítulo 6 Discussão Geral  148 
 
entre as massas das duas fases líquidas em equilíbrio ( OPm + SPm ) e o valor real da massa total 
utilizada no experimento OCm podem ser determinados através da seguinte equação 6.4: 
 








Os componentes minoritários: MAG, DAG, ácidos graxos e ésteres etílicos foram 
quantificados nas fases formadas por meio da técnica cromatográfica HPSEC e com isso 
foram determinados seus coeficientes de distribuição.  
Os coeficientes de distribuição dos DAG em todos os sistemas estudados foram 
menores que 1, o que significa que estes componentes têm preferência pela fase oleosa. A 
concentração dos DAG foi um pouco maior na fase oleosa do que na fase solvente para os 
sistemas com os óleos de soja e algodão. Já nos sistemas com óleo de farelo de arroz, a 
concentração de DAG foi quase duas vezes maior na fase oleosa do que na fase solvente. Essa 
diferença pode ser explicada pela quantidade inicial de DAG em cada óleo, os óleos de soja e 
de algodão possuem 0,82 % e 1,65 %, respectivamente, de DAG, enquanto que o óleo de 
farelo de arroz possui 4,04 %. Além disso, todas as misturas comerciais de MAG e DAG 
foram adicionadas em uma mesma quantidade nos sistemas com óleos diferentes e por este 
motivo as quantidades de DAG nos pontos de mistura diferiram de acordo com a quantidade 
inicial de DAG de cada óleo. 
A distribuição dos MAG foi oposta à dos DAG, ou seja, a concentração dos MAG 
foi quase duas vezes maior na fase solvente do que na fase oleosa, já que seus coeficientes de 
distribuição foram bem próximos de 2,5. Os acilgliceróis parciais (MAG e DAG) apresentam 
comportamento oposto, pois os MAG contém um número maior de grupos polares, eles 
possuem 2 grupos hidroxila, enquanto que os DAG possuem apenas 1 grupo hidroxila. Este 
parece ser o principal fator da separação dos acilgliceróis parciais nas fases líquidas em 
equilíbrio, sendo uma delas rica em um solvente polar, como é o caso do etanol. A presença 
de DAG e ou MAG nas fases formadas durante a desacidificação de óleos vegetais ou a 
produção de biodiesel, pode interferir nesses processos, seja reduzindo a eficiência da 
extração de ácidos graxos livres de óleos brutos, já que aumentam a solubilidade do sistema; 
ou interferindo no rendimento de ésteres etílicos, pois são compostos intermediários da reação 
de transesterificação. 
A distribuição dos ácidos graxos livres nas fases oleosa e solvente tem sido 
estudada por outros autores e da mesma forma, neste trabalho, concluiu-se que estes 
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componentes têm preferência pela fase solvente. Esta é uma informação importante para o 
estudo da desacidificação por extração líquido-líquido, já que o seu objetivo é a separação dos 
ácidos graxos livres do óleo vegetal com o uso de etanol. Óleos com alto conteúdo de ácidos 
graxos livres não podem ser utilizados diretamente na produção de biodiesel via catálise 
alcalina, pois a reação de saponificação será preferencial neste caso, prejudicando o 
rendimento da reação de transesterificação. Os coeficientes de distribuição dos ésteres etílicos 
foram menores do que 1, mostrando sua preferência pela fase oleosa. O início da reação de 
transesterificação entre os TAG do óleo vegetal e etanol é essencialmente bifásica, devido à 
restrição de solubilidade entre o óleo e etanol. Com isso, a maior afinidade dos ésteres etílicos 
pela fase oleosa passa a ser uma informação necessária para o melhor entendimento desta 
etapa da reação. 
Todos os experimentos foram conduzidos a 30 °C (303,15 K) e 45 °C (318,15 K), 
a fim de se verificar o efeito do aumento da temperatura nos sistemas em ELL desse trabalho. 
Como todas as misturas comerciais de acilgliceróis parciais utilizadas eram sólidas à 
temperatura ambiente, testes preliminares foram conduzidos para garantir a solubilização 
desses componentes no sistema formado. Desses resultados prévios, a temperatura de 30 °C 
foi considerada como limite inferior da faixa de temperatura. Para o limite superior, foi 
considerada a temperatura de 45 °C, que garante uma diferença de 15 °C para análise do 
efeito de temperatura no ELL, e também não compromete os experimentos de ELL em vials 
quando são consideradas temperaturas mais altas. Dados experimentais de ELL para 
representar sistemas de extração sólido-líquido de óleos vegetais usando etanol como solvente 
devem necessariamente ser conduzidos a temperaturas mais elevadas que 45 °C, devido à 
restrição de solubilidade mútua óleo vegetal/etanol. Por segurança, vials e células de 
equilíbrio líquido-líquido de vidro devem ser substituídos por células de metal com visor de 
safira. 
O aumento da temperatura de trabalho dos sistemas, de 30 °C para 45 °C, causou 
uma pequena diminuição da região bifásica no diagrama de equilíbrio de fases, devido 
principalmente ao aumento da solubilidade entre TAG e etanol. Adicionalmente, o efeito da 
temperatura sobre a distribuição dos componentes nas duas fases líquidas em equilíbrio nos 
diferentes sistemas estudados foi pouco perceptível, já que ao se trabalhar com uma mistura 
multicomponente (TAG, DAG, MAG, ácidos graxos, ésteres etílicos e etanol), a transferência 
de massa ou solubilidade de um deles pode vir a afetar o comportamento de outro 
componente. Em sistemas mais simples, como é o caso do sistema estudado no Capítulo 2, 
onde foram considerados os componentes TAG, DAG, MAG e etanol, o efeito da temperatura 
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foi maior do que a interferência de um componente sobre outro, pois os coeficientes de 
distribuição médios de cada um dos componentes foram maiores a 45 °C do que 30 °C. Os 
valores dos coeficientes de distribuição médios, máximos e mínimos de cada componente dos 
sistemas dos Capítulos 2 a 5 foram calculados e encontram-se no Apêndice F. 
Sobre a modelagem termodinâmica, utilizando-se o modelo NRTL, os parâmetros 
ajustados aos dados experimentais em cada temperatura descreveram muito bem o equilíbrio 
líquido-líquido de todos os sistemas deste trabalho, pois os desvios médios entre os valores 
calculados com os parâmetros desse modelo e experimentais foram todos abaixo de 1 %. Esse 
modelo termodinâmico foi capaz de descrever precisamente a composição das fases dos 
sistemas envolvendo compostos graxos e etanol, podendo ser usado para descrever e simular 
processos que envolvem equilíbrio líquido-líquido, como é o caso dos processos de 
desacidificação de óleos vegetais e produção de biodiesel a partir de óleos vegetais. 
O modelo UNIFAC também foi utilizado para a modelagem termodinâmica dos 
dados deste trabalho. Os resultados mostraram que os dados estimados com o conjunto de 
parâmetros do UNIFAC-LLE (MAGNUSSEN, RASMUSSEN, FREDENSLUND, 1981) não 
são consistentes com os dados experimentais. Isso porque houve uma subestimação da 
quantidade de etanol na fase oleosa e uma superestimação do mesmo na fase solvente. A 
descrição dos ésteres etílicos na fase solvente foi subestimada, enquanto que na fase oleosa 
ela foi superestimada. Além disso, a fração mássica de ácidos graxos predita nas fases pelo 
conjunto de parâmetros do UNIFAC-LLE foi inversa aos resultados experimentais, ou seja, 
previu que os ácidos graxos têm preferência pela fase oleosa. Estas descrições incorretas ao se 
utilizar o conjunto de parâmetros do UNIFAC-LLE refletiram nos altos desvios médios entre 
os valores experimentais e preditos pelo modelo, provavelmente devido à não inclusão de 
dados de sistemas envolvendo compostos graxos para o ajuste destes parâmetros. 
O uso do conjunto de parâmetros de interação do UNIFAC-HIR (HIRATA et al., 
2013) previu que os DAG têm preferência pela fase solvente, o que é o oposto dos resultados 
experimentais. A predição das frações mássicas dos ésteres etílicos e dos ácidos graxos em 
ambas as fases líquidas com os parâmetros do UNIFAC-HIR foi melhor quando comparados 
aos dados preditos com os parâmetros do UNIFAC-LLE. Os desvios médios entre os dados 
experimentais e os preditos diminuíram pela metade quando utilizado o conjunto de 
parâmetros de interação do UNIFAC-HIR, isso porque este conjunto foi obtido a partir de 
sistemas que continham triacilgliceróis, ácidos graxos e etanol, que são parte dos 
componentes dos sistemas estudados neste trabalho. 
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Por fim, os melhores resultados foram obtidos ao se utilizar um novo conjunto de 
parâmetros, o UNIFAC-BES (BESSA et al., 2016), o qual a partir de um novo grupo 
funcional ‗OHgly‘, foram estimados novos valores dos parâmetros de interação, compondo 
esta nova matriz. O UNIFAC-BES diminuiu a subestimação de etanol na fase oleosa, previu 
corretamente a preferência dos DAG pela fase oleosa e, além disso, a predição das frações 
mássicas dos ésteres etílicos e dos ácidos graxos em ambas as fases líquidas foi melhor 
quando comparadas aos dados preditos com os parâmetros do UNIFAC-HIR. 
A partir dos resultados experimentais e preditos pelo modelo UNIFAC utilizando-
se os três conjuntos de parâmetros (UNIFAC-LLE, UNIFAC-HIR e UNIFAC-BES) obtidos 
no Capítulo 5, foram calculados os desvios médios entre os dados experimentais e calculados 
de cada componente em cada sistema, nas duas temperaturas de trabalho (30 °C e 45 °C), 
conforme a equação 6.5 abaixo: 
 






























sendo que N  é o número total de tie lines do sistema, os subscritos i  e n  são o componente e 
a tie line, respectivamente, os sobrescritos SP  e OP  correspondem às fases solvente e oleosa, 
respectivamente e exp e calc  referem-se às composições experimentais e calculadas, 
respectivamente. 
Todos os desvios médios entre os dados experimentais e calculados de cada 
componente em cada sistema nas duas temperaturas do Capítulo 5 encontram-se no Apêndice 
G. 
Os desvios médios entre os dados experimentais e calculados utilizando-se os 
parâmetros UNIFAC-LLE de todos os componentes foram sempre os mais altos quando 
comparados aos dados preditos utilizando-se os parâmetros UNIFAC-HIR e UNIFAC-BES. 
Para exemplificar, o desvio da composição em TAG nas fases em ELL do sistema contendo 
óleo de farelo de arroz + mistura comercial de acilgliceróis parciais + ácido oleico + oleato de 
etila + etanol a 45 °C foi igual a 12,07 % para o UNIFAC-LLE, 2,85 % para o UNIFAC-HIR 
e 2,10 % para o UNIFAC-BES. O desvio da composição em DAG deste mesmo sistema foi 
igual a 0,95 % para o UNIFAC-LLE, 0,96 % para o UNIFAC-HIR e 0,50 % para o UNIFAC-
BES. Dessa forma, o novo conjunto de parâmetros UNIFAC-BES melhorou 
consideravelmente a capacidade preditiva do modelo UNIFAC. 
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As informações sobre a distribuição dos monoacilgliceróis (MAG) e 
diacilgliceróis (DAG) nas fases em equilíbrio líquido-líquido de sistemas graxos obtidas nesse 
trabalho são inéditas e, neste sentido, descrevem de maneira detalhada os sistemas que 
envolvem processos com óleos vegetais e etanol. Os MAG, por possuírem dois grupos polares 
(grupos hidroxilas), têm maior afinidade com a fase alcoólica quando comparado com DAG. 
A modelagem termodinâmica dos dados experimentais mostrou que os parâmetros 
estimados pelo modelo NRTL representam de forma bastante satisfatória os dados 
experimentais, já que os desvios entre os valores calculados por este modelo e os 
experimentais de todos os sistemas desse trabalho variaram entre 0,11 % e 0,97 %.  
O modelo UNIFAC foi usado para a predição do ELL de alguns dos sistemas 
medidos. Os desvios entre os dados calculados, utilizando-se 3 diferentes conjuntos de 
parâmetros de interação (UNIFAC-LLE, UNIFAC-HIR e UNIFAC-BES), e experimentais 
variaram entre 1,04 % e 11,45%. A predição do ELL a partir do conjunto de parâmetros 
UNIFAC-BES resultou nos menores desvios (1,04 % a 2,22 %), devido ao banco de dados 
usado pelos autores incluir dados de equilíbrio líquido-líquido de sistemas que representam os 
processos de desacidificação de óleos vegetais, assim como os de produção de biodiesel a 
partir de óleos vegetais e a presença de acilgliceróis parciais. 
Com isso, os resultados apresentados neste trabalho contribuem para um melhor 
entendimento e predição do rendimento de processos como a purificação de misturas de 
triacilgliceróis (TAG), DAG e MAG, visando à obtenção de produtos ricos em DAG e MAG; 
assim como a desacidificação de óleos vegetais, ambos a partir da extração líquido-líquido 
com etanol anidro. Além disso, a consideração dos acilgliceróis parciais permite uma 
descrição mais precisa do comportamento real do sistema de transesterificação alcalina com 
óleos vegetais e etanol anidro envolvido no processo de produção de biodiesel e, dessa 
maneira, é possível explorar condições operacionais alternativas quando a conversão dos 
TAG dos óleos vegetais é incompleta nessa reação, assim como rendimento mais baixo. 
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 Determinar para os mesmos sistemas deste trabalho dados de equilíbrio 
líquido-líquido contendo diferentes solventes: etanol hidratado e metanol, a 
fim de se verificar sua influência na distribuição dos componentes 
minoritários, principalmente os acilgliceróis parciais, nas fases formadas; 
 A determinação destes novos dados, de sistemas de equilíbrio líquido-líquido 
mais complexos envolvendo os acilgliceróis parciais, poderá contribuir para o 
melhoramento do ajuste dos parâmetros de interação do modelo 
termodinâmico UNIFAC; 
 Desenvolver uma metodologia analítica capaz de quantificar todos os 
componentes formados durante as etapas da reação de transesterificação de 
óleos vegetais e etanol, especialmente o componente glicerol, já que a 
metodologia utilizada neste trabalho não permitiu a determinação desse 
componente.
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APÊNDICE A Caracterização dos óleos vegetais e das misturas comerciais 




Utilizou-se a curva de calibração de DAG da mistura 
comercial A (usada como referência) em HPSEC para a 
quantificação de DAG dos óleos e da mistura comercial 
C.  
Por diferença calculou-se a quantidade de TAG 
dos óleos, assim como a quantidade de MAG na 
mistura comercial C. 
As misturas comerciais de acilgliceróis parciais A (usada 
no Capítulo 3 e 5) e B (usada no Capítulo 2) foram 
caracterizadas em relação à suas quantidades em TAG, 
DAG e MAG, segundo a Metodologia da ASTM (ASTM 
D6584-13e1). 
Curva de calibração 
DAG da mistura 
comercial A 
Quantificação DAG 
Óleos vegetais e 





de acilgliceróis A e B 
Metodologia HPSEC 
Óleos vegetais e 
mistura comercial de 
acilgliceróis C 
 
Os óleos vegetais e a mistura comercial de acilgliceróis C 
(usada no Capítulo 4) foram caracterizados quanto à 
presença de TAG, DAG e MAG através da técnica 
HPSEC.  
Identificou-se que os óleos vegetais (soja, algodão 
e farelo de arroz) eram compostos somente por 
TAG e DAG, e a mistura comercial C somente por 
DAG e MAG. 
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APÊNDICE B Provável composição em DAG e MAG dos óleos e misturas 
comerciais de acilgliceróis parciais 
 
A provável composição em MAG e DAG das misturas comerciais de acilgliceróis 
parciais e a provável composição em DAG dos óleos foram determinadas partindo-se da 
provável composição em TAG dessas matérias-primas.  
A composição em DAG foi estimada levando-se em consideração a probabilidade 
de hidrólise parcial de cada TAG. Da mesma forma, a composição em MAG foi estimada 
levando-se em consideração a probabilidade de hidrólise de cada DAG.  
Para exemplificar, considere o TAG POLi. A hidrólise parcial desse TAG na 
posição 1 produz o DAG _OLi , na posição 2, o DAG P_Li e na posição 3, o DAG PO_ , 
todos em iguais proporções molares. Já a hidrólise do PO_ na posição 1 produz o MAG O_ e 
na posição 2 o MAG P_, ambos em iguais proporções molares. 
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APÊNDICE C Determinação das curvas de calibração e quantificação dos 
componentes nas fases em equilíbrio líquido-líquido dos sistemas estudados 
 
As curvas de calibração utilizadas para a quantificação dos componentes TAG, 
DAG, MAG, ácidos graxos, ésteres etílicos e etanol nas fases oleosa e solvente, foram 
determinadas a partir de soluções contendo todos os componentes do sistema diluídos em 
tolueno com concentrações (g/mL) conhecidas.  
Para exemplificar, considerando-se os compostos dos sistemas do Capítulo 2: óleo 
vegetal, mistura comercial de acilgliceróis parciais e etanol, foi preparada uma amostra com 
massas conhecidas de cada um desses compostos em um balão de 25 mL. A partir dessa 
amostra e das quantidades em TAG e DAG do óleo e TAG, DAG e MAG da mistura de 
acilgliceróis parciais, foram calculadas as concentrações (g/mL) dos TAG, DAG, MAG e 
etanol nessa mistura. Essa amostra conhecida foi diluída em 5 concentrações diferentes e com 
isso, 6 diluições diferentes foram obtidas e analisadas em HPSEC. As áreas dos 
cromatogramas relativas aos TAG, DAG, MAG e etanol foram relacionadas com as 
respectivas diluições e dessa maneira, uma curva de calibração relacionando concentração 
(g/mL) e área do cromatograma foi determinada e, consequentemente, foi obtido um 
coeficiente angular da reta que passa por esses 6 pontos (6 diluições diferentes), para cada 
componente. 
Alíquotas com cerca de 0,05 mL foram retiradas de cada fase (oleosa e solvente) 
de cada experimento em equilíbrio líquido-líquido e, então, diluídas em tolueno em balões 
volumétricos de 5 mL. Essas alíquotas não foram pesadas ou seu volume determinado 
exatamente, pois a partir das áreas dos cromatogramas obtidos após análise de cada fase em 
HPSEC e do coeficiente angular de cada componente, foi possível calcular a concentração 
(g/mL) dos TAG, DAG, MAG e etanol em cada fase dos sistemas em equilíbrio líquido-
líquido.  
Como todas as alíquotas foram diluídas em balões volumétricos de 5 mL, a 
multiplicação desse volume com a concentração dada pela curva de calibração resultaram nas 
massas de cada componente. Finalmente, foi possível calcular, para cada tie line, as frações 
mássicas de cada componente em cada fase dos sistemas em equilíbrio líquido-líquido. 
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APÊNDICE D Cálculo das incertezas experimentais 
 
Como foram estudados 4 diferentes sistemas:  
i) Capítulo 2 – óleo vegetal + mistura comercial de acilgliceróis parciais + etanol; 
ii) Capítulo 3 – óleo vegetal + ácidos graxos livres + mistura comercial de 
acilgliceróis parciais + etanol; 
iii) Capítulo 4 – óleo vegetal + ésteres etílicos + mistura comercial de acilgliceróis 
parciais + etanol; 
iv) Capítulo 5 – óleo vegetal + ésteres etílicos + ácidos graxos livres + mistura 
comercial de acilgliceróis parciais + etanol; 
 Foram pesadas 4 misturas diferentes, correspondendo aos 4 sistemas, com massa 
conhecida de cada componente. 
Cada uma das 4 amostras conhecidas foram avaliadas em HPSEC, em triplicata, 
ou seja, cada amostra foi injetada três vezes no cromatógrafo. Por meio da integração das 
áreas de cada componente foram calculadas as incertezas do tipo A para cada componente 

























wu  Equação D1 
 
sendo  iwu  a incerteza padrão do tipo A da fração mássica ( iw ) de cada componente; o 
subscrito i corresponde ao componente (TAG, DAG, MAG, ácido graxo, éster etílico ou 
etanol); n é o número de medidas realizadas. 
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APÊNDICE E Cromatograma HPSEC 
 
 
Figura E1. Cromatograma HPSEC. 
 
Tabela E1. Tempo de retenção de cada componente. 
Componente TAG DAG Ésteres etílicos Ácidos graxos MAG  Etanol 
Tempo de retenção (minutos) 7,0 7,5 8,0 8,5 9,3 12,4 
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APÊNDICE F Coeficientes de distribuição médio, máximo e mínimo dos 
componentes dos sistemas de ELL 
 
Tabela F1. Coeficientes de distribuição médio, máximo e mínimo dos 
componentes dos sistemas de ELL do Capítulo 2. 

















kTAG máximo 0,3475 0,3022 0,3473  
kTAG máximo 0,2913 0,3811 0,3967 
kTAG médio 0,1784 0,1725 0,1975  
kTAG médio 0,1740 0,2197 0,2217 
kTAG mínimo 0,0753 0,0908 0,0963  
kTAG mínimo 0,0926 0,1124 0,0937 
** 
        
kDAG máximo 0,8465 0,8456 0,6956  
kDAG máximo 0,8399 0,9670 0,7250 
kDAG médio 0,7792 0,7889 0,5332  
kDAG médio 0,7878 0,8596 0,5408 
kDAG mínimo 0,7094 0,7296 0,3961  
kDAG mínimo 0,7059 0,8077 0,4042 
** 
        
kMAG máximo 4,0976 2,8814 2,7134  
kMAG máximo 4,0476 4,0000 3,0517 
kMAG médio 2,5353 2,2274 2,1352  
kMAG médio 2,5956 2,4042 2,2151 
kMAG mínimo 1,6015 1,6878 1,7015  
kMAG mínimo 1,7240 1,5320 1,5647 
 
 
Tabela F2. Coeficientes de distribuição médio, máximo e mínimo dos 
componentes dos sistemas de ELL do Capítulo 3. 

















kTAG máximo 0,3033 0,4299 0,3925  
kTAG máximo 0,3102 0,3915 0,3116 
kTAG médio 0,1802 0,2725 0,2529  
kTAG médio 0,2067 0,2871 0,2331 
kTAG mínimo 0,1246 0,1534 0,1605  
kTAG mínimo 0,1462 0,1968 0,1573 
** 
        
kDAG máximo 0,7814 0,9234 0,7091  
kDAG máximo 0,8342 0,8618 0,6211 
kDAG médio 0,7411 0,7923 0,6046  
kDAG médio 0,7975 0,7968 0,5732 
kDAG mínimo 0,7128 0,7301 0,5214  
kDAG mínimo 0,7385 0,7457 0,5030 
** 
        
kMAG máximo 2,4847 2,3731 2,6740  
kMAG máximo 2,6667 2,2042 2,5532 
kMAG médio 2,3107 1,9229 2,0675  
kMAG médio 2,3446 1,9838 2,0611 
kMAG mínimo 1,8824 1,3346 1,7330  
kMAG mínimo 1,9801 1,6951 1,8596 
** 
        
kácido máximo 1,4444 1,4125 1,3725  
kácido máximo 1,5122 1,3875 1,4444 
kacido médio 1,3563 1,2373 1,2363  
kacido médio 1,3600 1,2943 1,2620 
kacido mínimo 1,2143 1,1473 1,1452  
kacido mínimo 1,2047 1,2038 1,2107 
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Tabela F3. Coeficientes de distribuição médio, máximo e mínimo dos 
componentes dos sistemas de ELL do Capítulo 4. 
Temperatura 30 °C   
  

















kTAG máximo 0,2637 0,3054 0,2884  
kTAG máximo 0,5348 0,2959 0,3175 
kTAG médio 0,2080 0,2436 0,2160  
kTAG médio 0,3152 0,2691 0,2820 
kTAG mínimo 0,1484 0,1856 0,1573  
kTAG mínimo 0,1891 0,2567 0,2349 
** 
        
kDAG máximo 0,9767 0,9425 0,5530  
kDAG máximo 0,8636 0,9765 0,6800 
kDAG médio 0,9216 0,8786 0,4893  
kDAG médio 0,8276 0,9279 0,5590 
kDAG mínimo 0,8269 0,7961 0,4354  
kDAG mínimo 0,7600 0,8632 0,4886 
** 
        
kMAG máximo 2,1941 2,0375 2,3281  
kMAG máximo 2,0915 1,8314 2,0503 
kMAG médio 1,9662 1,7996 2,0307  
kMAG médio 1,6578 1,7284 1,8732 
kMAG mínimo 1,7644 1,4840 1,7514  
kMAG mínimo 1,3139 1,6381 1,6847 
** 
        
késter máximo 0,6895 0,7214 0,7157  
késter máximo 0,8416 0,7241 0,7623 
késter médio 0,6586 0,6866 0,6823  
késter médio 0,7376 0,6842 0,7440 
késter mínimo 0,6336 0,6486 0,6518  
késter mínimo 0,6262 0,6033 0,7179 
 
 
Tabela F4. Coeficientes de distribuição médio, máximo e mínimo dos 
componentes dos sistemas de ELL do Capítulo 5. 

















kTAG máximo 0,2219 0,3142 0,2148  
kTAG máximo 0,2491 0,2943 0,2497 
kTAG médio 0,1831 0,2162 0,1679  
kTAG médio 0,2032 0,2395 0,2022 
kTAG mínimo 0,1296 0,1585 0,1253  
kTAG mínimo 0,1487 0,1775 0,1495 
** 
        
kDAG máximo 0,8585 0,8533 0,5688  
kDAG máximo 0,8559 0,8431 0,6181 
kDAG médio 0,8084 0,7982 0,4735  
kDAG médio 0,7636 0,7409 0,5241 
kDAG mínimo 0,7500 0,7178 0,4340  
kDAG mínimo 0,6967 0,5774 0,4677 
** 
        
kMAG máximo 2,8333 2,5441 2,9836  
kMAG máximo 3,1207 2,5254 3,3704 
kMAG médio 2,5580 2,1220 2,5261  
kMAG médio 2,3286 2,0418 2,7060 
kMAG mínimo 2,3333 1,6170 2,2763  
kMAG mínimo 1,7640 1,5132 2,4054 
** 
        
kácido máximo 1,4080 1,3279 1,5266  
kácido máximo 1,5946 1,4206 1,3938 
kacido médio 1,3802 1,2477 1,3083  
kacido médio 1,3745 1,2751 1,3193 
kacido mínimo 1,3529 1,1435 1,2312  
kacido mínimo 1,2682 1,1058 1,2514 
** 
        
késter máximo 0,6820 0,7241 0,6662  
késter máximo 0,7640 0,7523 0,7365 
késter médio 0,6531 0,6530 0,6226  
késter médio 0,7029 0,6848 0,6909 
késter mínimo 0,6364 0,5709 0,5892  
késter mínimo 0,6511 0,5971 0,6400 
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APÊNDICE G Desvios médios (   ( )) calculados por componente entre 
os dados experimentais e preditos pelo modelo UNIFAC 
 
Tabela G1. Desvios médios (   ( )) calculados por componente entre os dados 
experimentais e preditos pelo modelo UNIFAC, do sistema contendo óleo de soja a 30 °C e 
45 °C. 
Temperatura 30 °C  45 °C 















TAG 11,60 4,40 1,90  12,77 3,33 1,76 
DAG 0,67 0,19 0,31  0,62 0,20 0,08 
MAG 0,43 0,52 0,10  0,57 0,57 0,17 
éster 2,38 0,32 0,29  2,42 0,33 0,32 
ácido 0,97 0,16 0,06  1,03 0,39 0,27 
etanol 14,77 4,20 2,33  15,82 3,28 1,95 
 
 
Tabela G2. Desvios médios (   ( )) calculados por componente entre os dados 
experimentais e preditos pelo modelo UNIFAC, do sistema contendo óleo de algodão a 30 °C 
e 45°C. 
Temperatura 30 °C  45 °C 
















TAG 13,69 6,35 3,61  14,58 3,85 2,00 
DAG 0,95 0,26 0,18  0,79 0,28 0,11 
MAG 0,58 0,66 0,16  0,70 0,68 0,32 
éster 2,41 0,41 0,35  2,02 0,27 0,25 
ácido 1,01 0,12 0,15  1,04 0,26 0,21 
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Tabela G3. Desvios médios (   ( )) calculados por componente entre os dados 
experimentais e preditos pelo modelo UNIFAC, do sistema contendo óleo de farelo de arroz a 
30 °C e 45°C. 
Temperatura 30 °C  45 °C 
















TAG 10,89 4,08 1,63  12,07 2,85 2,10 
DAG 0,91 1,08 0,46  0,95 0,96 0,50 
MAG 0,42 0,49 0,14  0,41 0,37 0,18 
éster 2,00 0,23 0,22  2,02 0,24 0,26 
ácido 0,82 0,18 0,18  0,75 0,20 0,16 
etanol 13,79 3,78 1,83  14,97 3,42 2,35 
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ANEXO I Autorização da Editora para inclusão do artigo do Capítulo 3  
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ANEXO II Autorização da Editora para inclusão do artigo do Capítulo 4  
